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ABSTRACT 
 
METHODOLOGY FOR TRACE AND ULTRATRACE 
ANALYSIS OF PRIMARY AMINES 
 
 
 
By 
Sean C. Pawlowski 
December 2014 
 
Dissertation supervised by the late Mitchell E. Johnson and subsequently by Partha Basu 
 In the study of lipids, or “lipidomics,” methods for the separation and 
identification of specific trace compounds are highly sought.  Microdroplet techniques 
have allowed for the ability to handle and detect these trace amounts. The use of low 
volumes allows for a decrease of the effective mean free path allowing chemical 
reactions to be carried out efficiently at lower concentrations by performing the reactions 
in microdroplets as opposed to bulk containers. Microdroplets created on microfluidic 
devices as segmented flow plugs have the advantage of efficient mixing and minimal 
dilution or dispersion relative to other nanoliter scale capillary reaction methods.  The 
most sensitive detection techniques are needed for ultratrace analyses.  Laser induced 
fluorescence (LIF) is the most attractive choice for ultratrace analysis. We show two 
methods for the derivatization and detection of primary amines with 3-(2-
  v 
furoyl)quinoline-2-carboxaldehyde (FQCA) and with naphthalene-2,3-dicarboxaldehyde 
(NDA).  The method has shown to be successful down to the sub-picomolar level in bulk 
solutions using an HPLC coupled with a fluorescence detector.  The method has been 
transferred to microfluidic chips to explore the reaction and detection limits of the 
derivatized amines.  Laser induced fluorescence (LIF) by a solid state blue violet laser 
was used as the detection method for the microfluidic platform.  Successful usage of this 
methodology would allow for ultratrace detection of bioactive amines from small 
samples. 
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Chapter 1: A Review on Bioactive Lipids and High Sensitivity Detection 
 “Lipidomics” and Separation Methods 
  Lipids are an important biochemical subspecies that are involved in many 
different areas of mammalian biology.  Biological lipids are a chemically diverse group 
of compounds, the common and defining feature of which is the extent of their solubility 
in water.2 Lipids are bioorganic hydrocarbon based molecules that are soluble in nonpolar 
solvents but are almost insoluble in water.  This is mainly due to a lipid makeup 
consisting generally of polar head groups with long carbon chain tails. The various 
biochemical duties of lipids include energy storage (fats and sterols such as cholesterol), 
cell structure (phospholipids, cholesterol and its esters), and essential hormones (steroids 
and eicosanoids).3  
 The quantitative study of lipids, or 
‘lipidomics’, is a burgeoning field in 
bioanalytical chemistry.  With the report by 
Nagy et al. in 1971 a push for understanding 
these critical biomolecules sprung up. 
Methods for separations and quantification are 
the biggest area of chemical research in lipids.  
Separation methods such as chromatography 
(GC and HPLC), electrophoresis (capillary or 
gel), solid phase extraction (SPE), and thin 
layer chromatography (TLC) are used to 
Figure 1.1 Examples of bioactive fatty 
acid amides. 
  2 
isolate specific lipid classes for identification and quantification.4-6 Studies in the 
separation of lipid classes have shown the power of modern chromatographic techniques 
in isolating unique subgroups.  
Lipids are an important biochemical subspecies that are involved in many 
different areas of biology.  Lipids are bioorganic hydrocarbon based molecules that are 
soluble in nonpolar solvents but are almost insoluble in water. The reason lower detection 
limits are attractive to those studying lipids is that some are in trace (picomolar (10-12M) 
– nanomolar (10-9 M)) and even ultra-trace (femtomolar (10-15M) and below) 
concentrations in samples. Lipids can be defined as falling in to three major groups: 
storage, signaling, and membrane.  Storage lipids lack a polar head group while 
membrane lipids have a polar head group attached to their lipid backbone.  Storage lipids 
include traditional fats, such as triacylglycerols (TAGs), and water repellent lipids, such 
as waxes.  TAGs make up 80% of the mass of adipocytes (fat cells). These fat cells 
makeup adipose tissue an important tissue type in humans.  Adipose is responsible for 
10-15% of the average male body mass and ≥20% of female body mass.  TAGs are also 
found as metabolic fuels and as oils in many seeds and nuts.  The hydrophobic property 
of waxes aids in keeping the skin water-resistant and it also slows down the evaporation 
of water. Due to its firm consistency it is extracted from animal and plants and used in the 
manufacturing industries for various purposes such as the manufacture of cosmetics or 
polishes.   
Membrane lipids, also known as structural lipids, include phospholipids, sterols, 
and glycolipids.  Membrane lipids make up 5-10% of the dry weight of cells.  They are 
responsible for cell membrane and cell wall makeup.  Other lipids, which may not be 
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categorized as the major types listed, are still very important and consist of messenger 
lipids.  These include eicosanoids, free fatty acids, and primary fatty acid amides 
(PFAMs). Eicosanoids, a family of signaling lipids including prostaglandins and 
leukotrienes, have been shown at average levels of 0.9-2 ng/mL in rat heart and brain 
tissue8,9 Figure 1.1 shows some representative examples. 
The sample volumes are usually minute due to a limited total amount of tissue or 
fluid media; for example, there is only about 140 mL of cerebrospinal fluid (CSF) in the 
average human body.  The CSF is mostly water and contains very little cells, hence its 
clear and colorless nature.  In an early study by Nagai and Kanfer, the concentration of 
lipids in 100 mL of CSF was calculated.6  Only 87.2 nanomoles of total organics were 
isolated.  This 87.2 nmol was not just lipids, specifically cerebrosides, but also proteins 
and hexoses.6 Lipids include many subgroups that are of intrigue, such as 
endocannabinoids like anandamide, are researched due to their drug effects and 
theoretical binding to natural cannabinoid receptors in the brain.2-10 While the presence of 
these amides in biological systems has been reported over several decades7-8, it is only 
recently that the survey abilities of tandem mass spectrometry have been brought to bear 
on a systematic search for novel fatty acid amides.9-10 .An area that is intriguing to us is 
primary fatty acid amides, or PFAMs.  The PFAMs are a neutral lipid family that is part 
of the fatty acyl group and have been shown to be in the CSF of cats, mice, and humans, 
omentum samples and as slip additives in plastics.11-20 
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Figure 1.2 Oleamide, a long chain primary fatty acid amide with one point of 
unsaturation at the 9th carbon. 
  It has since been widely demonstrated that NAEs and related acylglycerols act as 
endocannabinoids and endovanilloids1, 10, 11. Their metabolic pathways have been 
(largely) established. Fatty acid amido-hydrolase, FAAH, the enzyme responsible for 
catabolism of NAEs to fatty acids, has been extensively characterized12. It is worth 
briefly reviewing some of the evidence that PFAMs are an important set of bioactive 
lipids. There is some evidence that erucamide (C22:113) is an angiogenic agent14-16 and 
that it modulates water balance17. Erucamide was found with oleamide and other PFAMs 
in tear film7. Linoleamide (C18:29,12) was found with oleamide in sleep deprived cats, 
blocks erg (ether-à-go-go-related-gene) current (known for its link to the electrical 
activity of the heart)18, and increases cytosolic Ca2+ levels in renal tubular cells19 and 
bladder cancer cells18. Linoleamide can be enzymatically oxidized by lipoxygenase,13 and 
the oxidized form is more resistant to hydrolysis. Arachidonamide was found to inhibit 
leukotriene biosynthesis21, and some amides inhibit epoxide hydrolase.22-23 Oleamide 
(C18:19) (Figure 1.2) is a primary amide that demonstrates a variety of physiological 
effects.  Intraperitioneal administration of oleamide into rats induces sleep and 
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hypomotility and exhibits long-lasting hypothermic effects.17  Oleamide has been found 
in human plasma and circulating levels of 35 nM and 56 nM have been reported in rat 
plasma as opposed to 156 nM in CSF.12, 19, 21, 22  Oleamide has been linked to GABA 
inhibition and binding to dopamine and 5-hydroxytriptamine (5-HT) receptors.14, 23-26  
Recently, oleamide has been shown to inhibit voltage-gated Na+ channels at 
concentrations of 100 µM, concluding that oleamide acts similarly to anesthetics.21, 25,27   
Oleamide has been shown to be a potent regional vasodilator and a modifier of gap 
junction in the heart and endothelial cells with a half-maximal effective concentration of 
1.2 µM.25  Another study of oleamide derivatives showed their possibility as prototypes 
for anticancer drugs due to their ability to suppress spontaneous metastasis in the BL6 
line of melanoma cells at 10 mg/kg.25, 28-29   There are scattered reports of other activities 
of oleamide, including memory modulation30 and as a potential signaling molecule in the 
cardiovascular system26. The latter is intriguing, as it offers another link between 
oleamide and affective disorders through cardiovascular health.31 There is some 
speculation that the ratio of acid to corresponding amide is important in disease versus 
normal function7. If true, it suggests that studies involving fatty acids and health 
(particularly mental health) should also involve fatty acid amides, and it also suggests 
that, in general, epidemiological studies would be more definitive if they included 
measurement of metabolically related species. The importance of PFAMs requires an 
analysis and detection scheme. The low concentration levels demand sensitive techniques 
at the trace and ultra-trace levels. If these molecules could be linked to a fluorescent tag 
or reacted with a fluorogen then the most sensitive detection scheme there is, 
fluorescence, would be perfect for their detection. 
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Fluorescence Detection 
Traditionally GC or LC analysis followed by flame ionization (FID), electron 
ionization-mass spectrometry (EI/MS), or ultraviolet-visible absorbance (UV-Vis) is used 
for the analysis of lipids.  These methods are well defined but lack the sensitivity for 
direct analysis of nanomolar and picoMolar analytes.  Traditional studies usually relied 
on pre-concentration of a sample in order to analyze components that are present at 
concentrations below their limit of detection.  In order to detect at trace and ultratrace 
levels a highly sensitive technique with low detection limits is needed.  The identification 
technology most utilized in lipid studies is mass spectrometry (MS), specifically tandem 
mass spectrometry (MS/MS), which allows for the fragmentation of molecular ions for 
structural and component identification. However there are additional situations where 
laser induced fluorescence (LIF) detection is employed, specifically where its increased 
sensitivity and lower detection limits are necessary.  Fluorescence is the excitation of an 
incident, or initial, photon and the subsequent emission of a photon that varies in 
wavelength from the incident/initial photon.  
  7 
 
Figure 1.3 Scheme for fluorescence and phosphorescence showing energy 
transitions.32 
Fluorescence is a resonant effect in that there is a resonance lifetime between the 
excitation to an excited electronic state, relaxation to a parallel vibrational state, the 
relaxation to its electronic excited state and then the emission of the shifted photon.32 
Fluorescence always deals with a Stokes, or red, shift.33-36 One problem that accompanies 
fluorescence is noise in the form of scattering.  There are two main types of scattering, 
Rayleigh and Raman.  Rayleigh scattering is an elastic process where the scattered 
photon is of the same energy as the incident photon.  Raman is an inelastic process, 
where the scattered photon is of a different wavelength than the incident photon.  There 
are two different ways the photon can be scattered in Raman scattering, Stokes or Anti-
Stokes.  A Stokes shift occurs when the molecule being analyzed absorbs energy and the 
scattered photon is then shifted to a higher wavelength (lower energy), often called a red 
shift.  Anti-Stokes is the opposite.  The analyzed molecule emits energy and the scattered 
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photon is of lower wavelength (higher energy), often called a blue shift.32 This is 
illustrated in Figure 1.4. 
 
Figure 1.4 Diagram comparing Rayleigh and Raman scattering.  Raman scattering 
can be described as either Stokes scattering or anti-Stokes scattering.32 
 
Raman scattering is similar to fluorescence but a distinction must be drawn 
between the two.  As stated above fluorescence is a resonant effect, fluorescence is also 
wavelength dependent.  Raman scattering is not a resonant effect and is not dependent on 
the wavelength of light.  LIF is made possible by “tagging” the lipid with a fluorophore 
or a fluorogen, both of which are fluorescing compounds, the main difference between 
the two fluorescent types is their natural fluorescence.  Fluorophores have a natural 
fluorescence, while fluorogens only fluoresce when they are bound to a specific molecule 
type.  These fluorescent molecules allow for several applications such as a tracer 
molecule for kinetic experiments, as a dye for cell staining, and for the tagging of non-
fluorescent analytes of interest.  Families of fluorophores have been created that are 
analyte specific, such as the DAPI family for nucleic acids.37 Due to the prevalence of 
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amine groups in biochemistry, one of the most attractive families of fluorescent 
molecules are the amine-reactive molecules.  Some of the tags that are used in amine 
studies include fluorescein isothiocyanate (FITC), 3-(2-Furoyl)-Quinoline-2-
Carbaldehyde (FQCA), and naphthalene-2,3-dicarboxylic acid (NDA).  Fluorescein, a 
typical fluorophore, is widely used in many areas of research.38 It has a strong excitation 
maximum at 488 nm and an emission peak at 512 nm.  It is naturally fluorescent and has 
a quantum yield of >80%, which is approaching unity, or when a fluorescent molecule 
release as many photons as it absorbs.  FQCA, a fluorogen, reacts with amines to produce 
a highly fluorescent aromatic complex (Scheme 1.1) that excites at 480 nm and emits at 
590 nm. 
R NH2 +
N
O
C
H
O
O
KCN
1 hr. 40˚
N
N R
O
CN
 
Scheme 1.1: Reaction of FQCA with primary amines yielding a fluorescent 
molecule. 
The advantage of using FQCA is that, unlike FITC, it has a low natural 
fluorescence and a large Stokes shift meaning that there is an elimination of background 
fluorescence from unreacted tag.  FQCA, can self-react and create a fluorescent dimer 
which can cause background noise.39 The Stokes shift cuts down on the background 
scatter by detecting at a higher wavelength than the incident beam.  This raises the signal 
to noise ratio, which allows for lower LOD.  FQCA has been used for the analysis of 
amino acids and straight chain amines.39-40 It has been used to achieve detection limits of 
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0.5 amol of oligosaccharides using on-column LIF.39, 41 The tag has been shown to bind 
to amines and not amides, which are difficult to tag.  A derivatization step would be 
required to take the amide to an amine. 
Conversion of amides to amines 
 
Scheme 1.2: Conversion of a primary amide (R-CONH2) to a primary amine (R-
NH2) using PIFA 
Unlike their primary amine chemical counterparts, such as amino acids, PFAMs 
are difficult to tag using conventional fluorophores.  Previous work by Lei Feng has 
shown a method using PIFA ((bis-[trifluoro]-acetoxy) iodo benzene) for the conversion 
of amides to amines.42-43 The reaction is a modified form of the Hofmann rearrangement. 
(Scheme 1.2)  The rearrangement would allow for tagging of the amino group that is left 
with FQ, an uncharged fluorescent tag that can be used at trace levels for detection of the 
PFAMs.  A method using a derivatized PFAM for HPLC separation coupled to 
fluorescence detection would prove beneficial and allow steps to be taken towards ultra-
trace analysis of these PFAMs.  A highly sensitive detection technique for detection of 
PFAMs would be the platform to tag the target molecules for fluorescence detection. The 
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major issue with respect to the development of a fluorescence method for ultratrace 
analysis is the ability to perform the reaction at low concentrations. 
Microfluidic Applications 
In the past fifteen to twenty years, a movement towards smaller analytical systems 
has emerged.  These systems, often referred to as micro total analytical systems or simply 
μTAS, are diverse in their nature and their construction.44-46 Cell culture, lysis and 
analysis are all very attractive areas for microchips.44-47 However, most of these areas of 
research occur in systems using aqueous solvents.  Due to the hydrophobicity of the 
lipids, nonaqueous solvents are needed for the separations.  This brings a new area of 
microfluidics into consideration, their substrate: do you choose polymers or glass?  The 
main advantage to using glass chips is the ability to use nonaqueous solvents with them; 
the main disadvantage, however, is the fabrication method.   
A growing trend in chemistry is the use of low volume samples for organic 
reactions.  This can be achieved using microreactors, segmented flow microfluidics, or 
nanovials.48-55 Nanovials feature their own unique qualities.  A vial is etched onto a 
substrate that has nanometer dimensions.  Droplets of reactants and solvents can be added 
to the vial for a reaction to occur.  The attractiveness of this method comes in the 
recirculating flow that occurs while the droplet evaporates.  Not only does rapid mixing 
occur but also a preconcentration effect is observed.  The preconcentration comes from 
the evaporation of the solvents leaving little solvent left with the reactants and products in 
the well.  This is attractive because detection can be done in the well.  Nanovials have 
been shown to assist in mixing of organic reactions in 15 nL and 30 pL wells.48-50       
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The ability to minimize sample size is an attractive aspect of microfluidics.  With a 
decrease in sample size and concentration, trace and ultratrace analysis becomes more 
readily available.  The advantage to this is scaling down to trace analysis from 
macroscale reactions involves multiple dilution steps, whereas when you start with trace 
amounts there are less steps between reaction and analysis.   
Some unique issues arise from attempting reactions on microfluidic chips.  One of 
the biggest problems is mixing.  Due to low Reynolds and capillary numbers, 
dimensionless numbers that describe fluid mechanics, the flow is laminar in a 
microfluidic channel.  The mixing that occurs between two streams in a laminar flow is 
simple diffusion, which is not ideal for mixing of two reactants.  To combat this some 
ingenious applications have been used.  The first to be used was the Baker’s 
transformation.56-58 A segmented flow version of this is shown in Figure 1.5. 
 
Figure 1.5 Schematic of a Baker’s transformation.  The stretching and folding of the 
plugs can be seen in the right inset.  The reorientation of the droplets can be seen in 
left inset.54 
The streams or plugs are ‘stretched’ and ‘folded’, breaking laminar flow, and thus mixing 
the reactants.  Beebe and Ottino have both shown mixing of inorganic reactions using the 
Baker’s transformation to attain and detect a fluorescent product.56-58 While this shows 
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the capabilities of the transform, it does not give a clear method for organic reactions.  A 
modification of the baker’s transformation is using serpentine channels, which alters the 
internal recirculating flow as can be seen by the white arrows in Figure 1.6. 
 
Figure 1.6 Laminar flow versus segmented flow droplets. A) laminar flow showing 
slow mixing and high dispersion of components. B) segmented flow droplets 
exhibiting rapid mixing due to internal recirculating flow from the serpentine 
channels and immiscible fluid interactions.  Note the lack of dispersion in the 
segmented flow.59 
 
Figure 1.7 (Left) photograph of one prototype microdroplet manifold for 
derivatization. Channels are filled with food dye for visibility. (Right) false color 
fluorescence image (excitation at 488 nm, emission at 530±15 nm) of a FITC droplet 
traversing the mixing channel (different chip design) following dilution by 3X at the 
mixing inlet. At left is the image of the objective in the inverted epifluorescence 
microscope. 
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Song has shown not only inorganic reactions in the serpentine method but also 
organic reactions on a time scale of ~2 ms.59  One report demonstrates the use of 
perfluorodecaline, PFD, as a carrier stream due to its immiscibility with not only water 
but also organic solvents.  PFD is also compatible with a range of biological molecules 
due to its use as blood substitute in humans during surgeries.  Song also showed that 
merging and separation of plugs were attainable on a chip.  Merging involved splitting 
the plugs from the PFD at branching points.  In order to achieve reliable separation the 
branching points were constricted, the plugs became long and narrow and behaved 
simply like laminar flows subjected to pressure gradients.  The merging of plugs was 
used to combine multiple streams of plugs into one stream.59  
The generation of microdroplets in microfluidic systems has formed the basis for 
a wide variety of research areas in recent years59-61. Microdroplets generated on a 
microfluidic platform (Figure 1.7) from convergent flow of immiscible fluids (water and 
PFD) have a number of unique properties that are relevant to performing chemical 
reactions, including derivatization with fluorescent reagents: droplets can be very small 
(pL to nL), so they can be used with very small amounts of reagent or analyte; they can 
be mixed very efficiently by chaotic advection57, thus facilitating efficient chemical 
reaction 58,59; they are non-dispersive, so droplets formed from (and reactions performed 
in) the eluent of a chromatograph will not increase extra-column band broadening; it is 
simple to add additional reagents, either directly to the eluent or downstream, without 
introducing additional band broadening or contamination60,61; and they can easily be 
manipulated by splitting, recombining, etc.62, allowing for use in for a variety of other 
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functions, such as micro-extraction. In order to get highly mixed droplets, secondary flow 
must be induced in the droplets. The best way to induce secondary flow and to enhance 
turbulent mixing is to curve the channels63. The chip shown in Figure 1.7 has a series of 
wavy channels that induce secondary flow; higher degrees of curvature enhance the 
mixing64. As shown above Song and Ismagilov have reported mixing times on the order 
of milliseconds54,65. As the chromatographic eluent is not dispersed once it has been 
divided into droplets, the actual mixing time is not critical.  However, the reaction is 
dependent on kinetics of the derivatization reaction and travel time from droplet creation 
to detection. 
The major issue with respect to the development of coupling a fluorescence 
method for ultratrace analysis to the microfluidic chips is the ability to perform the 
reaction at low concentrations. Quite a number of derivatization reactions work quite well 
at high concentrations, but it is a significantly greater challenge to derivatize an analyte at 
very low concentrations. In the context described above, there is a need to tag lipids such 
as PFAMs that are in the picomolar concentration range. As discussed, detection by LIF 
can handle the picomolar concentration (yoctomole mass) range, provided attention is 
paid to the photophysical qualities of the tag and the optics of the detection system62. If a 
peak from a HPLC separation is contained in a 100 nL volume, dispersing the eluent into 
100 pL droplets at constant droplet generation rate essentially oversamples the peak by 
about 5-fold in time. If the concentration in the peak is 1 pM, the number of molecules in 
an average droplet will be about 60 (100 ymol). This analysis is oversimplified, as it 
ignores issues of dilution on the column and the concentration distribution over the 
axially dispersed peak, but it serves to help understand the order of magnitude. In order to 
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generate such small droplets, we have to keep the capillary number small63: 
  
Ca =
uxh
g
, 
where ux is the linear flow velocity, n is the viscosity, and y is the surface tension at the 
interface of the two solvents. The actual droplet size can be larger or smaller, depending 
on how well the reactions proceed and what kind of flow rates are finally produced in the 
coupled fluid handling system, whether it is direct infusion or a HPLC system. Droplet 
size and channel size are parameters that need to be optimized for low concentration 
reactions. For microdroplets, 5 – 10 nL sized droplets are targeted due to their ability to 
hold low concentrations and sample loads while still being big enough to measure 
multiple points during LIF. 
The properties of microdroplets for chemical reactions – high mass and thermal 
transport, lack of dispersion, ease of manipulation – have been recognized for some 
time64,69. These properties have been put to excellent use for creating highly 
monodisperse polymers65-67, performing highly exothermic reactions69, and many other 
applications. A number of publications have demonstrated the potential of microdroplet 
platforms for screening reaction conditions for difficult chemical reactions.70,71 In terms 
of enhancing the efficiency of chemical reactions, reactions whose rates are limited by 
mass transport, even in part, benefit from the highly efficient mixing and small volumes 
provided by microdroplets64, 68. It has also been suggested that confinement of the 
reaction to small volumes greatly facilitates chemical reactions by enhancing the collision 
frequency of the reactants52, 69. These properties of microdroplets ought to help in 
derivatizing reagents at low concentration by enhancing the reaction rate and by 
minimizing the waste byproducts. By dispersing the reaction into very small 
microdroplets, on the order of nanoliters or even picoliters, and by using more reactive 
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and smaller tags, it should be possible to perform chemical derivatization even for very 
dilute eluents from a capillary column.  The following chapters explore the establishment 
and execution of an analysis and detection scheme for these reasons. 
Conclusion 
When studying low concentration substances it is imperative to have a highly 
sensitive analysis technique that allows for excellent reproducibility.  Bioactive amines 
are an ideal target for this type of analysis.  Their low in-situ concentrations require a 
system that can be used to derivatize and analyze these analytes.  As part of the drive to 
establish an analytical technique for the detection of derivatized primary amines the 
following goals must be met: 
 Construct a method for detecting fluorescent molecules at the trace and, ideally, 
ultratrace concentration levels.  The detection scheme is an optimized laser-
induced-fluorescence (LIF) setup that is built from scratch and to the needs of the 
chosen fluorophore. 
 Build and optimize a method for fabricating microfluidic analysis systems for the 
on-chip derivatization of the analyte with a chosen fluorophore.  This 
methodology will allow the bulk reaction method to be tested at trace analysis 
levels. 
 Chose a fluorophore for the derivatization of primary amines that allows for 
minimization of impurities and background noise while maximizing the detection 
limit of the fluorescent products. 
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 The ability to reproducibly and efficiently detect these trace molecules in a highly 
sensitive way allows for an added dimension for researchers to further their analysis into 
bioactive molecules. 
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Chapter 2: Design and Optimization of a Microfluidic Chip Fabrication System 
 
Background 
“Lipidomics” and Separation Methods  
Biological lipids are a chemically diverse group of compounds, the common and 
defining feature of which is the extent of their hydrophobic nature.2 The various 
biochemical duties of lipids include energy storage (fats and sterols such as cholesterol), 
cell structure (phospholipids, cholesterol and its esters), and essential hormones (steroids 
and eicosanoids).3 The large-scale study of lipid pathways and signaling, or ‘lipidomics’, 
is a burgeoning field in bioanalytical chemistry.  Methods for separations and 
quantification are one of the biggest areas of analytical chemistry research in lipids.  
Separation methods such as chromatography (GC and HPLC), electrophoresis (capillary 
or gel), solid phase extraction (SPE), and thin layer chromatography (TLC) are used to 
isolate specific lipid classes for identification and quantification.5-6, 70 The most attractive 
identification technology utilized in lipid studies is mass spectrometry (MS) but laser 
induced fluorescence (LIF) detection is employed in situations where its increased 
sensitivity and lower detection limits are necessary.71 
Microfluidic Applications 
In the past fifteen to twenty years, a movement towards smaller analytical systems 
has emerged.47, 72-82 These systems, often referred to as micro total analytical systems or 
simply μTAS, are diverse in their nature and their construction.44, 46, 83 Cell culture, lysis, 
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and analysis are all very attractive areas for microchips.44, 47, 83-84 However, most of these 
areas of research occur in systems using aqueous solvents.  Due to the hydrophobicity of 
the lipids, nonaqueous solvents are needed for the separations.  This brings a new area of 
microfluidics into consideration, substrates: polymers vs. glass.  The main advantage to 
using glass chips is their compatibility with nonaqueous solvents; the main disadvantage, 
however, is the method of fabrication.72-73, 85  The differences lie in the way that the 
template is imaged and then formed onto the chip. 
Photolithography is the process of transferring an image from a photomask to a 
chemical substrate or photoresist, attained by exposing the substrate to UV light.  There 
are two types of photoresist: positive and negative.  Positive resist, when exposed to UV 
light, is made more soluble in developer.  When the chip is placed in developing solution 
the area that was exposed to the UV light dissolves away.  Negative resist works on the 
opposite tenet.  Whatever is exposed on a negative resist also polymerizes, but is less 
soluble in the developing solution than the unpolymerized resist and therefore stays when 
the chip is processed.86-88 Figure 2.1 shows an example of how the two different 
photoresists work. 
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Figure 2.1 - Example of photolithography on positive vs. negative resists:  Shaded 
area on mask covers the resist from the UV light.88 
A growing trend in chemistry is the use of low volume samples for organic 
reactions.  This can be achieved using microreactors, segmented flow microfluidics, or 
nanovials.48-55 The ability to minimize sample size is an attractive aspect of microfluidics.  
With a decrease in sample size and concentration, trace and ultratrace analysis becomes 
more readily available.  The advantage to this is scaling down to trace analysis from 
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macroscale reactions involves multiple dilution steps, whereas when starting with trace 
amounts there are less steps between reaction and analysis.  Some unique issues arise 
from attempting reactions on microfluidic chips.  One of the biggest problems is mixing 
of the reactants.  Due to low Reynolds and capillary numbers, dimensionless numbers 
that describe fluid mechanics, the flow is laminar in a microfluidic channel.  The mixing 
that occurs between two streams in a laminar flow is simple diffusion, which is not ideal 
for mixing of two reactants.  To combat this some interesting engineering has been tested.  
The first to be used was the Baker’s transformation.56-58  A segmented flow version of 
this is shown in Figure 2.2. 
 
Figure 2.2 - Schematic of a Baker’s transformation.  The stretching and folding of 
the plugs can be seen in the right inset.  The reorientation of the droplets can be seen 
in left inset. 
The streams or plugs are ‘stretched’ and ‘folded’, breaking laminar flow, and thus 
mixing the reactants.  Beebe and Ottino have both shown mixing of inorganic reactions 
using the Baker’s transformation to attain and detect a fluorescent product.56-58 While this 
shows the capabilities of the transform, it does not give a clear method for organic 
reactions.  A modification of the baker’s transformation is using serpentine channels, 
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which alters the internal recirculating flow as can be seen by the white arrows in Figure 
2.3. 
 
Figure 2.3 - Laminar flow versus segmented flow droplets. A) laminar flow showing 
slow mixing and high dispersion of components. B) segmented flow droplets 
exhibiting rapid mixing due to internal recirculating flow from the serpentine 
channels and immiscible fluid interactions.  Note the lack of dispersion in the 
segmented flow.59 
Song has shown not only inorganic reactions in the serpentine method but also 
organic reactions on a time scale of ~2 ms.59  She reports the use of perfluorodecalin, 
PFD, as the carrier stream due to its immiscibility with not only water but also organic 
solvents.  PFD is also compatible with a range of biological molecules shown by to its 
use as blood substitute in humans during surgeries.  Song also showed that merging and 
separation of plugs were attainable on a chip.  Merging involved splitting the plugs from 
the PFD at branching points.  In order to achieve reliable separation the branching points 
were constricted, the plugs became long, narrow, and behaved simply like laminar flows 
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subjected to pressure gradients.  The merging of plugs was used to combine multiple 
streams of plugs into one stream.59   
If segmented flow does not deliver the results needed for our analysis then an 
alternate method for small scale reactions at the nanoliter and picoliter level is the use of 
nanovials.48-50  Nanovials feature their own unique qualities.  A vial is etched onto a 
substrate that has nanometer dimensions.  Droplets of reactants and solvents can be added 
to the vial for a reaction to occur.  The attractiveness of this method comes in the 
recirculating flow that occurs while the droplet evaporates.  Not only does rapid mixing 
occur but also a preconcentration effect is observed.  The preconcentration comes from 
the evaporation of the solvents leaving little solvent left with the reactants and products in 
the well.  This is attractive because detection can be done in the well.  Nanovials have 
been shown to assist in mixing of organic reactions in 15 nL and 30 pL wells.48-50 
 
Experimental 
In order to make glass microfluidic chips, the chip must go through a process of 
developing, etching, and stripping the chrome photomask into the pattern of the chip then 
etching the glass with hydrofluoric acid, then stripping the remainder of the photomask.  
However, a system needs setup to handle the fabrication of these microchips.   
AZ 300 MIF chrome developer was obtained from AZ Electronic Materials and 
distributed through Mays Chemical (Indianapolis, IN).  CR-9 chrome etch, RS-120 resist 
strip, and NanoStrip resist strip were obtained from Cyantek Corp. (Fremont, CA).  HF 
was obtained from Fisher Scientific (Pittsburgh, PA).  Microchip substrate blanks, pre-
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coated with AZ-1517 positive photoresist, were obtained from Telic Corp. (Valencia, 
CA). 
Indirect Exposure System 
In order to develop the photomask, an ultraviolet light developing system is 
needed.  These normally are expensive, costing well over $15,000 at the time, so a less 
expensive alternative was sought. In order to minimize the exposure during the warm-up 
time of the lamp (several minutes from power on), it was decided that a nontraditional 
system needed to be built.  Blueprints for a shutter system were needed before fabrication 
and assembly could begin. (Figure 2.4) 
 
Figure 2.4 - Schematic of UV shutter: The top image is a top down view of the 
shutter showing the two 'blinds' and the exposure window.  Bottom image is a side 
view of the shutter system on a breadboard.  The supports (solid lines) and drawer 
sliders (dashed lines) complete the drawing.  In operation, the shutter fits in the 
drawer sliders and is moved manually. 
Once the rough sketch was completed, materials were purchased to build the 
shutter.  The materials used were sheet metal, cabinet drawer roller mechanism, a bread 
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board and angled steel.  Once completed, the shutter was fitted with the UV spot lamp 
and mirror system.  (Figure 2.5) 
 
Figure 2.5 - Completed shutter system with UV lamp and mirror.  Setup is located 
in a fume hood. 
 Irradiance was then measured using a digital multimeter fitted with an iris 
diaphragm, with the shutter on the diaphragm set to a diameter of 0.3 cm.  The irradiance 
was detected in mW, converted to mW/cm2, and then a plot was made using Igor Pro v. 6 
(Wavemetrics, Inc., Lake Oswego, OR).  
Direct Exposure System 
Upon testing the indirect method it was decided to also test the direct method of 
exposure.  The exposure system was modified as seen below (Figure 6) to accommodate 
the direct exposure system.  The irradiance tests were repeated as described above and 
compared to the results of the indirect study to decide on the best exposure method. 
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Figure 2.6 Completed direct shutter system with UV lamp and mirror.  Setup was 
still located in a fume hood 
 
Fabrication and Design of Glass Microfluidic Chips 
Adobe Illustrator Design 
When making microfluidic chips, templates are needed of the designs to “guide” 
the photolithography.  Chips were designed using Adobe Illustrator CS2 (Adobe Systems 
Inc.) in order to create vector-based drawings that would print true-to-measurement. All 
chip templates were made on a 2 cm x 3 cm outline and possessed uniform channel 
widths of 0.04 mm. 
The primary testing for the glass chips involved adding separation channels to the 
chips.  Weirs were added on the chips in order to allow for packing material for the 
separations.  Weirs are areas of the channel where the opening is small enough that the 
packing will not overflow into the rest of the channel but large enough to allow the flow 
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of the mobile phase.  These weirs were created by placing gaps in the photomask with a 
width of 0.120 mm for the top templates and 0.160 mm for the bottom templates.  This 
allows for isocratic etching which will create the weir, shown in Figure 2.7. 
 
Figure 2.7 - Schematic for isocratic etching of weir systems.  1) Pre-etched channels 
are seen in black with post-etch seen as dashed lines.  Weir width of 160 
micrometers will cause the gap between the dashed lines.  2) Grey areas are the 
post-etch microchip from step 1, post-etch again is noted by dashed lines, note the 
overlap which will etch part of the gap between the channels.  This is due to a gap 
width of 120 micrometers.  3) Microscopy picture of the etched weir system, note the 
“texture” in the right channel that is missing from the left, this is the packing (in 
this case C18). 
A proper clean laboratory setup and safety preparations must be taken into 
account before chip making can begin.  An AirClean 600 PCR Workstation (Raleigh, 
NC) with laminar flow capabilities was setup with a Cimarec Hot Plate and Lab Line Bi-
Directional rotator both obtained from Barnstead (Dubuque, IA).  A Lindberg/Blue Box 
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Furnace equipped with UP150 Program Temperature Controller (Asheville, NC) was 
installed for the baking and sintering steps in the microfluidic chip production. 
Glass Fabrication 
The production of glass microfluidic chips can be a dangerous process if proper 
safety procedures are not taken.  Multiple steps and the use of corrosive chemicals make 
this an unattractive area in microfluidics.  However, there are very few ways around the 
use of glass chips when dealing with non-aqueous solvents, which diffuse into PDMS and 
other polymer microfluidic chips.  The fabrication process has been adapted from Telic 
Co., the makers of the glass blanks89. 
The glass blanks were coated with a layer of chrome and a thin-film AZ 1517 
photoresist.  After initial test proved that the spin coat was not uniform we decided to go 
with the pre-spun wafers available from Telic.  We mounted the blanks with a template 
that was printed on transparent film.  They were then exposed using the shutter system, 
described in above, for 7 seconds in order to polymerize the exposed regions of the chip.  
The chip then gets bathed in a sequence of different chemical baths.  The chip was first 
submerged in AZ 312 MIF developer.  This will develop the photoresist layer, 
solubilizing the exposed areas.  The chip was then rinsed in doubly deionized (DDI) 
water for 40 seconds to remove all of the developer.  The chip was then submerged in the 
CR-9 chrome etch for 60 seconds to remove the exposed chrome down to the glass layer 
of the chip.  The chip was rinsed again with DDI water for 40 seconds to make sure all of 
the chrome was removed from the channels.  At this point we began the HF etching of the 
glass.  
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The HF wet etch procedure was adapted from Roper’s work at FSU.90 A mixture 
of 14:20:66 (v:v:v) HNO3:HF:H2O was needed for the wet etch.  In order to keep with a 
safe work environment, plastic dishes are recommended for all steps and protective 
clothing (coveralls, gloves and goggles) were mandatory due to the danger of the HF.  
The chip was then placed in the etching solution for an appropriate amount of time for the 
desired depth of the channel.  Roper et al. have reported etching rates as 0.3 mm/min.90 
The etched chip was then be removed with plastic forceps and placed in a 1 L beaker of 
DDI H2O to flush any remaining HF from the substrate.  Once the chip is removed from 
the H2O, the chip can be fully cleaned with a process adapted from Telic Co.
89 This is 
slightly different from the method described in Roper’s SOP but was more manageable 
for the lab’s smaller setup and gave cleaner chips for annealing. 
After the HF etch and rinse, the chips were placed in Cyantek RS-120 resist strip 
at 50 °C for 5 minutes in order to strip away the remaining photoresist.  Once all of the 
resist was removed, the chips were then rinsed with DI water and then submerged in the 
CR-9 chrome strip to remove the rest of the chrome layer.  We performed one final rinse 
which preceded the submergence in Nanostrip for 3 minutes.  The Nanostrip was used to 
destroy any organic compounds on the chip.  The chips was once again rinsed well with 
DI water and then a glass slide was placed on top using capillary action to hold together 
the two pieces of glass.  It was imperative that no particulates were allowed in between 
the two pieces of glass.  The chip was then placed in an oven and the temperature was 
ramped to 640 °C at a gradient of 10 °C/min.  This causes the glass surfaces that are in 
contact with each other to soften and bond.  The chip was baked for 8 hours and then the 
temperature was ramped back down to room temperature at 10 °C/min.  Chip bonding 
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was examined by use of a microscope and channels were examined for particulate matter, 
etch depth, and incomplete etching.  
PDMS Fabrication 
Once the microchip fabrication was examined and fully underway, it was decided 
to assemble a polydimethylsiloxane, or PDMS, based microfluidic chip manufacturing 
process.  PDMS was attractive due to its inexpensive components and easier 
manufacturing.  The downside was that PDMS chips must be treated before each usage 
with a fluorocarbon based oil so that non-aqueous solvents do not absorb into the plastic 
and cause destructive swelling. The manufacturing of the PDMS involves using the same 
UV irradiance setup as the glass chips but do not require any of the harsh chemicals that 
glass needs.   
SU-8 Master Molding 
The first step in manufacturing PDMS microchips was manufacturing a stamp, or 
reverse mold, that they will take the form of.  This was the opposite of the way glass 
chips are made.  First a SU-8 mold was created using a UV pattern and a clean 8” glass 
wafer.  The SU-8 was spin coated onto the glass wafer. Once the coating was evenly 
spread across the wafer it was removed from the spin coater and placed on a hot plate for 
a soft-bake, which sets the SU-8.  The UV pattern, which was printed onto a quartz glass 
blank, seen in the Figure below, was placed on top of the SU-8 and exposed to UV light.  
This polymerizes the exposed SU-8 allowing it to be washed away leaving the raised 
pattern of the channels and borders on the wafer. 
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Figure 2.8 UV mask for SU-8 master mold fabrication 
 
Figure 2.9 Close-up View of the Microchip Pattern 
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Micromolding polydimethylsiloxane (PDMS) microfluidic devices.85 
In order to make the PDMS chips the polymer must be prepared. We poured pre-
polymer and added a curing agent to it at a 10:1 ratio, which is then mixed. The mixture 
is then placed in a desiccator for approximately 45 minutes (or until most bubbles are 
gone).  We placed the 3” SU-8 masters in Petri dishes, or flat-bottomed Pyrex glass 
dishes for the 6” diameter large masters, and poured PDMS mixture over each. The glass 
dishes were placed on a hotplate and set for 2.5 hours at 80 ºC.  In order to maximize the 
efficiency and not crack the polymer by over-baking, we used an AUTO OFF feature that 
initiated a cool down mode. Once the PDMS was cured, we carefully removed the PDMS 
and wafer from the Petri.  We then used the spatula to separate the PDMS from the Petri 
dish edges and then had to carefully pry the PDMS and wafer out.  After cutting the 
wafer out of the PDMS by running an x-acto knife around the edge of the wafer we then 
very carefully peeled the PDMS off of the wafer, making sure it wouldn’t tear.  We 
verified none of the SU-8 remains in the channel imprints, and then proceeded to 
bonding. If SU-8 remained in the channels a sharp probe or x-acto knife can be used to 
remove it. 
Bonding PDMS devices 
We cleaned all the particulates and dust off of the bonding surface of the PDMS 
with a piece of Scotch tape or packing tape before proceeding. Once the individual halves 
were separated they were cleaned using DI water and methanol.  An instrument air nozzle 
was fixed with a pulsing handle in order to deliver filtered instrument air at a high 
pressure to clear away particulates and liquid. PDMS can be reversibly or irreversibly 
bonded. 
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Reversible Bonding of PDMS Chips 
We simply placed our PDMS molded chip half onto a glass slide or slide 
coverslip (making sure it was of optically flat glass) in a Petri dish, or macor plate 
depending on what was available.  Glass surfaces needed to be cleaned with isopropyl 
alcohol (IPA) to improve adhesion.  We let the sandwiched chip sit with a flat weight 
resting on top in order to create an even seal. 
Irreversible Bonding of PDMS Chips 
This method used a Plasma Cleaner in the laminar flow hood.  We placed the 
unsandwiched PDMS and glass in the vacuum chamber, held the lid in place, and turned 
the vacuum pump on. We had to make sure the needle valve attached to the lid is fully 
closed (clockwise) and turned the plasma on to “HIGH”.  We slowly turned the needle 
value counterclockwise until the plasma became more intense (less than one revolution).  
If we kept turning the valve counterclockwise, the intensity would begin to decrease. At 
that visible maximum is where we set the cleaner.  We treated the PDMS and glass for 20 
seconds. After turning the plasma off and then turning the pump off, we held the lid so 
that it did not fall on the floor after the chamber purges. We removed the PDMS and 
glass from the chamber and pressed them together.  After placing a weight on top to aid 
in adherence the chip was left to sit for a few hours to finalize bonding. 
Results and Discussion 
After measuring the irradiance using the digital multimeter as described above, 
we found that we were getting a very irregular, asymmetric, and weak irradiance pattern.  
Upon testing the irradiance from the reflected indirect setup it was found to be too weak 
and uneven.  (Figure 2.10)   
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Figure 2.10 - Irradiance map of reflected UV light:  The scale on the right is in 
mW/cm2 with yellow being the most intense and black being the least intense. 
  
The amount of power that is coming from the reflected light is not strong enough 
to polymerize either the SU-8 or PDMS.  Since this was an initial concern in the setup of 
the lab, a direct illumination irradiance map was created and a comparison of the two 
irradiances can be seen in Figure 2.11.  
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Figure 2.11 - Reflected vs. direct illumination:  The irradiance is measured in 
mW/cm2. 
 The direct illumination was initially thought to have too much light and have too 
uneven of an exposure pattern.  An attempted filter was created using the inverse of the 
irradiance pattern as a guide, allowing for destructive interference to aid in correcting the 
illumination.  This was thought to even out the irradiance giving a more uniform pattern.  
The shutter system was modified to allow the lamp to illuminate the exposure area 
directly. After testing the filter the exposure took too long to polymerize the SU-8 
photoresist for the glass chips.  The filter was abandoned and the bare exposure was used 
with the photoresist.  The methodology was modified to rotate the chip every 7 seconds 
so that it was uniformly exposed.  Eventually it was found that even this was unnecessary 
in the direct UV irradiance.  The lab eventually upgraded to a Newport NUV Illumination 
system that has 4.29 W/cm2 irradiance in a symmetric and uniform illumination pattern 
  37 
with self-correcting optics.  This allowed for the chips to have a uniform irradiance and 
minimized any defects that had occurred using the old system. 
Glass Microchip Fabrication   
The initial usages for the glass microfluidic chips were for performing cell lysis 
and lipid capture.  In the use of microchips for capture of lipids by SPE, trace clean-up 
and capture is desired in order to introduce trace analysis. Using Adobe Illustrator CS-2, 
a mask was created with features of 190-micron wide channels with a dual weir design.  
The design (Figure 10) was printed onto acetate transparencies to be used for chip 
making. 
 
Figure 2.12: Photoresist design for microfluidic SPE chips 
However, it was found that the design was not transferred to the photoresist.  It is 
unknown why this happened, due to the lamp’s exposure wavelength being at 365 nm, 
  38 
which is transmitted by the transparency.  It was decided to fabricate microfluidic chips 
using photographic emulsion photomasks created by Pixels (Charlottesville, VA). The 
first step was exposing the photoresist with the patterned photomask on top to UV light.  
The photomask used is seen in Figure 2.13. 
 
 
Figure 2.13 - Photoresist used to fabricate microfluidic SPE chips.  Top and bottom 
labels can be seen for the chips. 
Bonding, as described above, was performed by sandwiching the two sides of the 
chips and aligning the weirs, channels, and wells.  The chip was then sandwiched 
between two Macor ceramic plates, a 400 g weight was placed on top after initial tests 
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showed that any lighter would cause incomplete annealing and heavier would cause the 
glass to anneal to the macor or fracture. The temperature ramp was taken from 25 °C to 
600 °C at 10 °C per minute, held for 8.5 hours, then ramped back down at 10 °C per 
minute.  Chips were then removed and examined under stereoscope to verify bonding. 
(Figure 2.14) 
 
Figure 2.14: Stereoscopic images of fabricated microchips.  Left: image of channel-
well intersection Right: image of t-junction.   
This project was successful enough that further scientific analysis of extracted 
lipids was attractive.  After training on how to fabricate the chips themselves, the 
separation project was then transferred to Tao Sun to perform for his doctoral dissertation 
on µF/LC/MS of lipids.  This allowed us to focus on more difficult projects and the 
microfluidic project moved onto microreactions where a new design was needed as seen 
in Figure 2.15. The pattern included 30 turns then a long transport channel before another 
50 turns.  Detection can be moved between the initial short turns and the secondary long 
turns. 
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Figure 2.15 - Chip layout for fluorescence tagging of amines.  Wells are labeled to 
define different reactants.  For initial imaging and droplet measurements: A=H2O, 
B=FITC, C=H2O.  For the mixing studies: A= H2O, B=FITC, C=HCl.  For the 
FQ/amine &NDA/amine tagging reaction: A=FQ/NDA, B=amine, C=KCN 
  This design was tested in several ways to verify that the design worked and would 
present a viable method to do tagging reactions at very small concentration for LIF 
detection.  Once the chips were made, several tests were performed.  For droplet 
verification and fluorescence imaging a 590DF40 filter was added to a Leica stereoscope 
fitted with a digital CCD camera.  Rhodamine 6G, a fluorescent dye that absorbs at 488 
nm and emits at 590 nm was used for the imaging. As can be seen in Figure 2.16 the 
rhodamine fluoresced brightly, illuminating the channels and showing the clear 
delineations between the perfluorodecalin oil and the rhodamine solution.  
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Figure 2.16 Rhodamine 6G droplets imaged in the channels of a glass micromixer 
chip 
Once the rhodamine was imaged, mixing was tested using FITC, a well known 
pH sensitive fluorescent dye.  Figure 2.17 depicts the droplet formation over time 
between FITC at pH = 10.4 and water.  The same imaging setup was used as the 
Rhodamine tests with the only change being the changing of the filter from the 590DF40 
to a 510DF20.  One other change that occurred in this time was the switch from glass to 
PDMS chips primarily due to their ease of fabrication.  The FITC is shown through every 
other turn on the newer chip (12 total turns vs. 80 on the old chip).  FITC was clearly 
seen in each droplet throughout the whole chip.  
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Figure 2.17 31.4 uM FITC at pH=10.4 in channel B, H2O in channels B & C  
Once the imaging was verified that we could see FITC throughout the chip; 
Channel C’s reactant was swapped from H2O to 10 mM hydrochloric acid.  Due to 
FITC’s sensitivity to pH conditions the HCl should quench the fluorescence quickly if the 
FITC mixes with it or slowly if the FITC and HCl mix by simple diffusion.  We then 
would expect to see the fluorescence very slowly diminish if mixing is not seen on chip 
while if the droplet is mixing then the fluorescence would disappear. 
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Figure 2.18 FITC as mixed with 10 mM HCl.  Note that the fluorescence is 
quenched before the droplet goes through one full turn.  
As Figure 2.18 demonstrates, the FITC was quenched quickly and efficiently, 
before the droplet goes through one full turn cycle, demonstrating the functionality of the 
micromixing within the droplets.  We imaged further turns to verify that the fluorescence 
did actually get quenched and not that there was an issue with imaging.  The fluorescence 
was fully quenched and gives incredible support to the microdroplets working for our 
needs.   
 What was incredibly exciting was that the proof of mixing allows for the system 
to be adapted for the mixing of a fluorogen with amines for their detection using LIF.  A 
small-scale reaction setup was added to our toolbox. 
Conclusion 
The fabrication of microfluidic chips has allowed for the miniaturization of 
several processes within the lab.  Chip based solutions for analyte extraction, reactions, 
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and fluorescence detection open up a suite of solutions that allow for the minimization of 
solvents, sample sizes, while also maximing the ability to multiplex analysis.  Mixing in 
microdroplets has been shown, allowing for adaptation of a fluorogen and analyte mixing 
scheme to be used.  The goal of this project was to create a platform that would 
eventually allow for the minimization of the reaction of FQ and, eventually, NDA with 
amines onto this platform.  The results show that this platform is very attractive and 
flexible showing promise for the future studies.  
The fluorescence was easily and vividly captured using the microfluidic platform 
and chosen optics.  This allows the researcher to have confidence that their results will be 
well captured when building a complete laser induced fluorescence detection setup for 
the trace and ultratrace analysis of the amines. 
  One other aspect of these tests showed the possibilities of PDMS and glass based 
chips.  The initial fabrication and the projects that eventually became the basis for Tao 
Sun’s dissertation were all fabricated from glass-based substrates.  As the project moved 
on the PDMS was tested, fabricated, and eventually won out.  The move from glass to 
PDMS has allowed chips to be more readily produced and altered at a fraction of the time 
(1-3 hours fabrication time for PDMS versus 12-16 for glass) and cost (PDMS chips are 
$0.10 - $0.50 a chip whereas the glass plates alone are several dollars which doesn’t 
include the chemical treatments). 
Future Work 
The microfluidics platform allowed for the miniaturization of several processes in 
the laboratory.  Solid phase extraction, lipid-capture for cell profiling, and microreactions 
have all been shown using the setup established in this project.91-92 Future work is 
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focusing on optimizing the fabrication process to maximize its efficiency and turnover. 
Another area that future work is attractive would be an integrated full analysis system, 
grouping the sample preparation, pre-concentration, tagging reaction, and detection 
schemes all in a 3 x 3” chip. 
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Chapter 3: Design and Optimization of a Laser Induced Fluorescence System 
 
Introduction 
Microfluidic chips have been described in a broad range of applications in the 
literature.90, 93-101 One of these applications is the use of segmented flow.  Segmented 
flow has been used for miniaturizing reaction schemes60, 102, encapsulating cell 
profusion103, and performing PCR.104 One of the most attractive reasons for using 
segmented flow is the ability to detect analytes at ultratrace levels within the droplets 
with a minimization of band broadening and further dilution61.  By encapsulating the 
target within a droplet, minimizing the diffusion and band broadening, enhanced 
detection sensitivity is achieved.105-107 Detection methods for segmented flow devices are 
as varying as their uses and have included mass spectrometry,61, 91, 108 electrochemical 
sensors,109-111 and colorimetric assays.98 Arguably the most sensitive detection scheme for 
microdroplets and microfluidics in general is fluorescence.62, 112-113 However, 
fluorescence detection is only as sensitive as the detection setup.62, 112-113 In this report we 
describe a method to optimize an epifluorescence detection setup originally described by 
Johnson et al.62 for use with segmented flow microfluidic chips.  
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Experimental 
Design Layout and Choosing Optical Components 
  
The FQCA analysis, as discussed in chapter 4, requires a 488 nm excitation beam, 
which coincides with the main line of an Argon ion laser.  This main line also is optimal 
for the FITC tests described in chapter 2, and the two sets of rhodamine 6G tests 
described in chapter 2 and this one as well.  The NDA analysis, described in chapter 5, 
used a solid state diode laser that emitted at 405 nm. 
Optical “front-end” and “back-end” 
When building the setup, several optical elements are needed to get the beam of laser 
light to the sample.to excite it, often called the optical front-end.  The optical back-end is 
therefore the set of optics used to get the emitted light from the sample to the detector.  
Both of our analyses used the following: A microscope stage, Chip holder (CH), which 
included micrometers for holder manipulation to align the laser with the sample channel.  
 
Figure 3.1 - LIF Setup: Inverse microscope setup for laser induced 
fluorescence on an optical table.  Incoming, 488 nm, beam is in blue and 
fluorescence is in green.  Abbreviations are described in the text. 
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Also included in the optical scheme were the following lenses.  Some of the elements 
were only used in one of the setups and are noted as such: 
 microscope objective (MO) – for magnifiying the sample channel to obtain as 
much photon detection as possible.  This was normally a 40x objective, however a 
10x and 30x were used in some tests. 
 dichroic beamsplitter (DB) – The dichroic beamsplitter split the multiwavelength 
Argon ion beam into its principal components allowing for the usage of the 
488nm line without the interferences of the other lines.  This was used only with 
the Argon ion laser. 
 iris diaphragm (ID) – The iris can be dialed in to a selected aperture size which 
allows for the selective sizing of the beam spot.  This maximizes the uniformity of 
the laser beam on the sample. 
 polarizer (pol) – Allows for polarized light to either be allowed through the 
system or selectively filtered out.  Has two settings, horizontal and vertical. 
 Interference filter (λ/2) – Causes reflected light entering the filter to be turned 180 
degrees out of phase.  This out of phase light interacts with the reflected light and 
cause destructive interference. 
 Line filter (LF) – This creates a tight band of light that is allowed through.  In the 
Argon ion laser a 488±15 line pass was used.  The ±15 is the nm gap around 288 
that is allowed through.  In the SSDiode laser a 405±20 was used. 
 Mirrors (M1-M4) – optical quality mirrors.  They must completely reflect the 
laser light with minimal interference. 
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 Pinhole (PH) – The pinhole is part of the detector tube optics.  It acts similar to 
the Iris by maximizing the uniformity of the detector spot while minimizing the 
reflected light into the tube optics. 
 Bandpass filter (filter) – Similar to the LF but made for the emitted analyte 
fluorescence.  The FQCA (and rhodamine) setup used a 590±35 filter while the 
NDA setup used a 488±15. 
 Achromat lens (achr) – Used to magnify the spot size onto the CCD of the 
detector. 
 Avalanche photodiode detector (APD) – detector similar in functionality to a 
faraday cup electron multiplier.  A photon enters the CCD and causes a cascade of 
photons.  These photons in turn cause their own cascade each until an “avalanche” 
of photons hit the diode detector plate. 
Alignment of System 
 
Optical Alignment 
In order to test the system a full optical alignment needed to occur.  This is very 
tedious work that requires the researcher to adjust each individual optical element until it 
reaches an optimal level and then move to the next element.  Once that element is 
optimized the researcher must go back and optimize every element in front of it again to 
verify they are at their mutual optimization.  A full description of these manipulations can 
be found in the appendices. 
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Signal Alignment 
Once the optical elements are aligned a signal alignment takes place.  This is 
where an active sample is added to the sample stage and the stage and detection scheme 
is manipulated to maximize the sensitivity of the analysis.  The researcher simply 
manipulates the micrometers while monitoring the signal in the detection software until it 
hits a maximum signal-to-noise ratio.  Once these alignments are performed the system 
then can go through the optimization tests. 
Optimization Tests 
Power Test 
In order to optimize the detection of fluorescent molecules, the maximum power 
of the laser must be used that does not cause quenching of the fluorescent molecule.  In 
order to do this the researcher must manually manipulate the power of the laser beam.  
The power of the excitation beam was varied from 10 mW to 25 µW, which is 
accomplished by adjusting the laser beams power output while verifying the power using 
a digital multimeter fitted with an iris diaphragm. The power was measured before the 
dichroic beam splitter due to the ability to control and measure the full beam power 
readily.  The signal was measured in multiples of five readings and averaged to allow for 
the natural beam fluctuations that occur in laser light. 
Polarization Test 
Once the power tests were optimized, the next step was to hold the power 
constant at 10 mW and vary the polarization of the excitation beam.  Polarized light can 
be a hindrance to signal-to-noise and low concentration detection.  In order to verify, the 
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variance of the noise must be measured over the polarizers range.  The polarization is 
adjusted by rotating the face of the polarizer holder in increments of 10 degrees.  The 
polarization was measured over 360 degrees and then refined over 180 degrees.  This 
variance monitors the change of the polarization from horizontal to vertical and back.  
Horizontal polarization allows polarized light to pass through the filter to the sample and 
is parallel to the optical table while Vertical polarization blocks the polarized light and is 
perpendicular to the optical table. 
Pinhole Test 
The final variable tested was the pinhole diameter. The highest intensity of the 
excitation light is at the focal point of the lens, but nonetheless, the other parts of the 
sample do get some of this light and they do fluoresce. This contributes to a background 
haze in the resulting image.  Adding a pinhole solves this problem. The response was 
measured using six different pinholes.  Polarization and power settings were kept at 
vertical polarization and 10 mW, respectively.  The optimal pinhole will allow the most 
signal without allowing quenching of the sample. 
Spectral Studies 
The efficiency of the optical filters and a general evaluation of optical bandwidth 
were desired to verify that back reflectance wasn’t increasing the noise in the system.  
The APD was removed and a 150 mm spectrograph was added to the inverted 
microscope setup to evaluate the spectra of the droplets.  The visible light spectrum was 
scanned using the spectrograph and was plotted to verify that most of the laser light was 
being eliminated from the detection scheme. 
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Results and Discussion 
Power Study 
After measuring the fluorescence response at each power setting the data was 
averaged to give a data point of the average response with a standard deviation. Figure 1 
shows the results of the beam intensity test.  The maximum signal-to-noise ratio was 
found to be at 10 mW for the Argon ion laser.  Surprisingly the laser power never hit its 
quenching maxima.  One would expect that once the fluorescence intensity hits a 
maximum, if the laser power is pushed higher then fluorescent molecules would be 
quenched and the total signal would actually flat-line then fall. This was not seen with 
this particular fluorophor and laser. 
 
 
Figure 3.2 - Laser intensity test results. Each point is an average of the maximum signal to noise ratio was 
achieved using a 10 mW intensity setting 
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Polarization 
After measuring fluorescence response at each polarization setting the data was 
averaged to give a data point of the average response with a standard deviation.  Vertical 
polarization was found to maximize the signal to noise ratio by minimizing the variance 
of the noise.  This would be the optimal setting for our analyses.  This lends credence to 
the hypothesis that reflected and refracted light caused noise in the system and using the 
vertical polarization, which removes that reflected light, gave a cleaner signal. 
 
Figure 3.3 - Polarization test.  The maximum signal-to-noise ratio was found to be at 
vertical polarization for the Argon ion laser. 
 
Pinhole 
After measuring fluorescence response at each pinhole setting the data was 
averaged to give a data point of the average response with a standard deviation.   These 
  54 
were then plotted to see if a plateau was found and whether that plateau ended with a 
pinhole size that allowed the quenching of the fluorescence (seen as a downward slope). 
From these studies an 800 µm pinhole was chosen for further analyses.  As hypothesized, 
but not seen, with the power study, a pinhole that is too big would actually allow for too 
much laser light to be exposed to the analyte causing Joule heating and quenching.  The 
slight down-turn of signal at 1000 µm pinhole shows this starting to happen. 
 
Figure 3.4 shows the results of the pinhole test.  The maximum signal-to-noise ratio 
was found to be at 800 microns for the 40× MO 
Spectral Studies 
Using the optimized settings of 10 mW laser intensity, vertical polarization and an 
800-µm pinhole, droplets were analyzed using a 150 mm spectrograph.  The primary goal 
of the study was to evaluate the optical bandwidth and efficiency of the filters.  As the 
spectrograph scanned across the wavelengths the signal would change based on the 
optical elements in the system.  Ideally only one clear peak would be seen but impurities 
or misalignment would cause sharp peaks in the signal.   
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As Figure 3.5 shows the 6 cavity dichroic filter is very effective at removing 
excitation light while still allowing 95% of the emission band, the bandwidth of the filter 
is shown by the black window bars and the excitation wavelength is noted.  The primary 
goal of the study was to evaluate the optical bandwidth and efficiency of the filters along 
with the alignment of the system.  The 6 cavity dichroic filter is found to be effective at 
removing excitation light.  
Detection Limits 
Droplets of Rhodamine 6G in methanol were generated in the microfluidic device 
and the fluorescence was measured over several minutes.  Droplets were generated from 
0.5 minutes until 3.5 minutes. One thing noticed in the droplet spectra, especially at low 
concentrations was the pulse at the beginning of collected spectra due to the syringe 
pumps being turned on.  After a settling time the droplets maintained minimal variability. 
  
Figure 3.5 - Optical component efficiency.  The black lines denote the 
bandwidth of the emission filter.  The 488 nm laser line is noted on the 
spectra. 
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The leading and trailing baseline are due to a stream of the immiscible mobile phase, 
perfluorodecalin, before and after the aqueous channels were started.  
 
Figure 3.6 - Fluorescence chronogram of 33 nM rhodamine 6G. 
Optimized settings were used to obtain a maximized signal-to-noise ratio of 164 
for droplets with a peak height of 12,000 counts/second. The inset to Figure 6 shows peak 
shapes of individual droplets over a 30 second span. The droplets are reproducible and 
statistically consistent.  The average sample load in droplets is 170 femtomoles of 
Rhodamine 6G.  This was calculated using the 150 µm channel width, perfluorodecalin 
carrier phase flow rate of 4.8 µL/min, aqueous phase flow rate of 0.8 µL/min and that 
Rhodamine 6G is at a concentration of 10 nM.  Rhodamine 6G was then diluted to 100 
pM to test for detection of single digit femtomole loads.  All other flow rates and settings 
stayed consistent. 
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Figure 3.7 – Chronogram of rhodamine 6G at 100 pM concentration in droplets.  
Inset is to show peak detail and reproducibility.  
Once these tests were found to have rather high signal-to-noise ratios (2000 for 
the 100 pM study), it was decided to try and push the absolute limits of the system by 
running a sample of 10 fM Rhodamine 6G, giving us sub-attomoles of fluorphor in the 
droplets. 
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Figure 3.8 - 10 fM rhodamine 6G in droplets on a chip 
The detection, while successful, for the 10 fM sample pointed out the limits of the 
system, as the stability of the droplets’ detection began to fail due to the incredibly low 
concentration makeup of the droplets.  This was most likely due to the detector missing 
the droplets due to their low level fluorescence.  This data however was incredibly 
exciting since it proved to the researcher that the setup was ready for analysis.  A system 
that allows for attomole sample loads gives the researcher an extremely powerful 
analytical scheme for ultratrace detection that eliminates detection limit as a point of 
concern. 
Conclusion 
 The detection of sub-attomole sample loads in segmented flow microdroplets is 
highly attractive in the investigation of trace and ultratrace analysis. In order to detect 
these droplets an optimized system must be used to minimize noise from the instrument 
and background reflection from the chip itself while still yielding a high signal to noise 
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ratio.  By obtaining the optimum values, in this case 10 mW power, vertical polarization, 
and an 800 micron pinhole diameter, the signal to noise of the system is maximized while 
the system noise is minimized. By varying only one of the variables at a time an 
optimized system can be achieved.  The optimized system was then used to analyze 
Rhodamine 6G droplets. The chronograms display that after a short equilibration period, 
stable and reproducible droplets are formed and detected.  Although the system has been 
optimized it becomes apparent that although the system has an incredible detection limit 
that the droplets themselves need to be altered in order for them to maintain stability at 
very low concentrations. The design of the chip, by adding a detection channel that is 
narrowed, allowed for more of the droplet to be detected and allowed for the lower 
detection limit. The system appears extremely attractive for the porting of a fluorogenic 
reaction system such as that of FQCA or NDA. 
  60 
 
Chapter 4: FQCA as a Fluorescence Marker for Primary Amines 
 
Background 
Lipids and Lipidomics 
Lipids are an important biochemical subspecies that are involved in many 
different areas of mammalian biology.  Lipids are bioorganic hydrocarbon based 
molecules that are soluble in nonpolar solvents but are almost insoluble in water. Lipids 
have various biochemical duties including energy storage (fats and sterols such as 
cholesterol), cell makeup (lipid bilayers and micelles), and some are essential hormones 
(steroids and eicosanoids).6 The quantitative study of lipids is a burgeoning field in 
bioanalytical chemistry.  The reason lower detection limits are attractive to those 
studying lipids is that some are in trace (picomolar (10-12) – nanomolar (10-9)) and even 
ultra-trace (femtomolar (10-15) and below) concentrations in samples.114-115 
The sample volumes are usually minute, for example, there is only about 140 mL 
of cerebrospinal fluid (CSF) in the average human body.  The CSF is mostly water and 
contains very little cells, hence the clear and colorless nature.  In an early study by Nagai 
and Kanfer6, the concentration of lipids in 100 mL of CSF was calculated.  Only 87.2 
nanomoles of total organics were isolated.  This 87.2 nmol was not just lipids, 
specifically cerebrosides, but also proteins and hexoses.6 Other lipids such as 
endocannabinoids, like anandamide, are researched due to their possible drug effects and 
binding to natural cannabinoid receptors in the brain.116-124  An area that is intriguing to 
us is primary fatty acid amides, or PFAMs.  The PFAMs are a neutral lipid family that is 
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part of the fatty acyl group and have been shown to be in the CSF of cats, mice, and 
humans, omentum samples and as slip additives in plastics.4, 14, 70, 125-131  Oleamide 
(C18:19) is a primary amide that demonstrates a variety of physiological effects.  
Intraperitioneal administration of oleamide into rats induces sleep and hypomotility and 
exhibits long-lasting hypothermic effects.132  Oleamide has been found in human plasma 
and circulating levels of 35 nM and 56 nM have been reported in rat plasma as opposed 
to 156 nM in CSF.14, 130, 133-134  Oleamide has been linked to GABA inhibition and 
binding to dopamine and 5-hydroxytriptamine (5-HT) receptors.25, 126, 135-137 Recently, 
oleamide has been shown to inhibit voltage-gated Na+ channels at concentrations of 
100 µM, concluding that oleamide acts similarly to anesthetics.25, 132, 138  Oleamide has 
been shown to be a potent regional vasodilator and a modifier of gap junction in the heart 
and endothelial cells with a half-maximal effective concentration of 1.2 µM.25 Another 
study of oleamide derivatives showed their possibility as prototypes for anticancer drugs 
due to their ability to suppress spontaneous metastasis in the BL6 line of melanoma cells 
at 10 mg/kg. 25, 139-140  Palmitolyethanolamide has been shown to interfere with 
inactivation of endocannabinoids, thus enhancing their actions at cannabinoid 
receptors.141-142 These low concentration levels demand sensitive techniques at the trace 
and ultra-trace levels.   
Fluorescence and Detection 
In order to detect at trace and ultratrace levels a highly sensitive technique with 
low detection and quantification limits is needed.  The most used identification 
technology utilized in lipid studies is mass spectrometry (MS) but laser induced 
fluorescence (LIF) detection is employed in situations where its increased sensitivity and 
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lower detection limits are necessary.  Fluorescence is the excitation of an incident, or 
initial, photon and emission of a photon that varies in wavelength from the incident 
photon.32 Fluorescence is a resonant effect in that there is a resonance lifetime between 
the excitation to an excited electronic state, its relaxation to a parallel vibrational state, 
the relaxation to its electronic excited state and then the emission of the shifted photon.32 
Fluorescence always deals with a Stokes, or red, shift.33-36.  
LIF is made possible by “tagging” the lipid with a fluorophor or a fluorogen, both 
of which are fluorescing compounds; the main difference between the two fluorescent 
types is their natural fluorescence.  Fluorophores have a natural fluorescence, while 
fluorogens only fluoresce when they are bound to a specific molecule type.  Some of the 
tags used in the amine studies include fluorescein isothiocyanate (FITC), 3-(p-
carboxybenzoyl)-quinoline-2-carboxaldehyde (CBQCA), and 3-(2-Furoyl)-Quinoline-2-
Carbaldehyde (FQCA).  Fluorescein, a typical fluorophor, is widely used in many areas 
of research.38 It has a strong excitation maximum at 488 nm and an emission peak at 
512 nm.  FQCA, a fluorogen, reacts with amines to produce a highly fluorescent aromatic 
complex (Scheme 4.1) that excites at 480 nm and emits at 590 nm. 
Scheme 4.1: Reaction of FQCA with primary amines yielding a fluorescent 
molecule. 
The advantage of using FQCA is that, unlike FITC, it has a low native fluorescence and a 
large Stokes shift meaning that background fluorescence from the unreacted tag is 
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eliminated.  FQCA, can self-react and create a fluorescent dimer which can cause 
background noise.39 Another point of attractiveness is the large Stokes shift between 
excitation and emission wavelengths.  The Stokes shift cuts down on the background 
scatter by detecting at a higher wavelength than the incident beam.  This raises the signal 
to noise ratio, which allows for lower LOD.  FQCA has been used for the analysis of 
amino acids and straight chain amines.39-40 It has been used to achieve detection limits of 
0.5 amol of oligosaccharides using on-column LIF.39-40 The tag has been shown to bind to 
amines and not amides, which are difficult to tag.  Derivatization of amides to amines has 
been shown by Feng et al.42-43 using the reaction seen in Scheme 4.2. 
 
Conversion of amides to amines  
Unlike their primary amine chemical counterparts, such as amino acids, PFAMs are 
difficult to tag using conventional fluorophores.  Previous work has shown a method 
using PIFA ((bis-[trifluoro]-acetoxy) iodo benzene) for the conversion of amides to 
amines.42-43 
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Scheme 4.2: Conversion of a primary amide (R-NH2O) to a primary amine using 
PIFA.  The reaction is a modified form of the Hofmann rearrangement. 
The rearrangement would allow for tagging of the amino group that is left with FQ, an 
uncharged fluorescent tag that can be used at trace levels for detection of the PFAMs.  A 
method using derivatized primary amines for HPLC separation coupled to fluorescence 
detection would prove beneficial and allow steps to be taken towards ultra-trace analysis. 
Experimental  
 
Reaction Of FQ With Primary Amines 
In order to analyze the targeted primary amines, a highly reactive and tightly 
bound fluorogen was chosen in FQCA.  A reaction protocol was needed in order to 
standardize the sample preparation and minimize error.  Since FQCA was originally 
created to analyze protein and bioactive amines, a starting point for optimizing reaction 
conditions to maximize yield was provided by Invitrogen.  This starting point was tested 
to give a baseline for optimizing the FQ-amine conditions.   
Reactant Preparation Methodology 
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Weighing out and diluting pure amines, C10-C18 (95-99% purity, Fisher 
Scientific Pittsburgh, PA), in methanol (MeOH, HPLC grade, Fisher Scientific 
Pittsburgh, PA), made a stock solution of each of the primary amines.  Based on the stock 
solution concentration, which varied due to limitations in precision weighing balances, a 
10 mM working solution was made of each of the amines and a 10 mM total amine 
concentration solution was made that contained all five of the medium chain fatty amines.  
  A 10 mM solution of FQ (Invitrogen Grand Island, NY) is prepared by dissolving 
the 5 milligrams (mg) of the reagent in 2.0 milliliters (mL) of MeOH.  The stock solution 
vial should then be capped and covered in aluminum foil, in order to minimize photo-
degradation of the fluorophor.  When not in use the covered vial is placed in a desiccator, 
which is then stored in the -20 ºC freezer.  The stock must be thawed completely and then 
vortexed in order to fully mix the solution before usage. 
A 200 milliMolar stock solution of potassium cyanide (KCN) is prepared by 
dissolving 20 mg of KCN in 1.5 mL of distilled and deionized water (ddH2O), the KCN 
is then diluted twenty fold to obtain a 10 mM working solution.  A 500 μL aliquot of 
stock solution is diluted in 9.5 mL of ddH2O and is then vortexed.  The working solution 
is then used for the fluorogen reaction. 
Mix the chosen ratio, either 1:2:1 or 1:12:10 ratio, depending on which 
experiment is being performed, of the 10 mM amine mixture, 10 mM FQ solution, and 10 
mM KCN solution in a brown vial.  Allow the reaction to react for 40 minutes while the 
brown vial is submerged in a sand bath heated to 40 ºC.  Once the reaction is completed it 
can be removed from the sand bath and it is then used for analysis or dried down for 
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long-term storage.  The FQCA-amine product is actually stable enough that drying down 
is not required, which allows it to be repeatedly frozen and thawed when needed. 
 
Liquid Chromatography With Fluorescence Detection  
Initial experiments were conducted on a Waters 600 HPLC with fluorescence and 
UV detection.  However due to the loss of sensitivity of the fluorescence detector, due to 
instrument age and cell size, it was quickly decided to use the Breeze HPLC/F system.  
The Breeze system features a Waters 1525 Binary LC pump. A 4.6 x 150 mm reverse-
phase, XTerra®MS, C18, 5 µm column was chosen for the separation based on the 
previous work of Adams et al. and Carpenter et al.  An isocratic mobile phase that was 
100% MeOH at a flow rate of 0.8 mL/min was selected as a starting point for the analysis 
of converted amines.  Detection was captured using the Waters 2475 multi-λ fluorescence 
detector.  The excitation wavelength (λex) was set to 488 nm and the emission 
wavelength (λem) was set to 590 nm, corresponding to the emission and excitation 
maxima reported in the manufacturer information sheet provided by Invitrogen.    
 
Calibration Curve Of Reacted Amines  
In order to calculate the detection (S|N=3) and quantification (S|N=10) limits of the 
Breeze system a calibration curve was needed.  A standard serial dilution was made of 
the reacted amines by diluting the amines in MeOH to the targeted concentration.  The 
calibration curve concentration range spanned from 1 µM (1 x 10-6 M) down to 1 pM (1 x 
10-12 M).  The span was chosen based on the targeted concentration of the LIF setup to be 
used in later tests.  The photon multiplier tube (PMT) detector used in LIF saturates at 
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higher concentration due to its high gain.  The diluted reacted amines were loaded onto 
the LC column in 5 µL injections for analysis.  In order to minimize error from late 
elution or over adsorption, the serial dilution was run in triplicate from low concentration 
to high and blanks, or runs without an analyte present, were run between each injection.  
The data was exported from the Breeze system and was analyzed using Igor Pro. 
 
Purification Of Tagged Amine Standards  
As part of a senior thesis in the department, Angela Jovanovich, was tasked with 
purifying a set of standards of FQCA reacted amines.   The FQCA reaction was scaled up 
to provide her with tagged amines in solution.  Angela would then be able to take the 
reaction mixture and hopefully purify out the reacted amine from the unreacted 
fluorophore.  This is done to investigate whether it is possible to minimize side reaction 
products that occur when unreacted FQCA begins to quench the reacted product.  Her 
work involved using a preparatory reverse phase LC with a sample collector to separate 
the reacted amines by carbon backbone.  Her standard components were then analyzed by 
running the individual standards and a combined mixture using LC/fluorescence 
detection. 
Results and Discussion 
 
Reaction of FQCA with amines 
FQCA was found to be a good fluorogen for amine detection.  The fluorogen 
allowed for a dilution series to test the sensitivity of the Waters Breeze 
HPLC/Fluorescence system.  A 10 micromolar (µM) solution was diluted to a 1 µM 
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working solution.  The 1 µM working solution was used to make the two serial dilutions 
seen in Figure 4.1 and 4.2 below.  One thing that was immediately noticed was a 
significant peak eluting at the dead volume, which was hypothesized to be FQCA that 
had reacted with itself.  This finding would be the basis for the later work purifying the 
standards and also the testing of those standards by Mass Spectrometric analysis. 
Figure 4.1 Dilution series from 1 micromolar FQCA reacted amines down to 25 
nanomolar.  The amines present in the solution were C10-18 primary, straight-
chained amines. 
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Figure 4.2 Dilution Series from 100 nanomolar to 1 picomolar of the amine mixture 
described in Figure 4.1.  The 1 micromolar solution was depicted on the right axis.  
The inset depicts the 1 picomolar solution showing that the system is able to clearly 
see the vey low concentrations being analyzed. 
Due to the large magnitude of our analysis (8 orders) calibration curve linearity 
breaks down at the extrema.   However, as can be seen in the calibration curve below 
(Figure 4.3-6) a dual linearity does exist.  In order to optimize linearity a multi-detector 
setup would be needed.  Examples of this can be seen in Dovichi et al.143-147 where the 
author pushed his system to more than 9 orders of magnitude dynamic range and 
yoctomole, which is about six molecules, detection limits. 
Each of the standards was then purified using a preparatory LC with autosampler 
and fraction collector.  The fractions were then analyzed as individual components and 
compared to the unpurified reaction product in order to identify the impurities present.  
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The calibration curves for these individual components can be seen in Figures 4.3 – 4.6.  
Each of these Figures shows a FQCA reacted amine from C10 – C16 respectively.  C18 
was found to be too difficult to perform a calibration curve on due to the lack of a 
significantly measurable reaction product.  Adams et al. reported a similar finding using 
IR fluorescent tags and CE.22 As anticipated the FQCA allows a fairly wide dynamic 
range for the analysis of the bioactive lipids.  The linearity of the calibration curves opens 
the door for porting the reaction down to the microfluidic scale.  
 
 
Figure 4.3 Calibration curve on both the purified and unpurified reaction product 
for C10 amine and FQCA 
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Figure 4.4 Calibration curve on both the purified and unpurified reaction product 
of C12 amine with FQCA 
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Figure 4.5 Calibration curve on both the purified and unpurified reaction products 
of C14 amine with FQCA 
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Figure 4.6 Calibration curves on both the purified and unpurified reaction products 
of C16 amine with FQCA 
 
Following the purification of the standards, it was decided to examine the 
hypothesis that the leading elution peak was in fact some type of dimerization impurity of 
FQCA reacting with itself.  The literature does not go past speculation on this.39-40, 148 A 
sample of the eluted peak was captured using a prep LC’s auto-fraction collector.  These 
were then dried down and diluted in pure MeOH to make a stock solution for mass 
spectrometric analysis.  The sample was given to Erin Divito to run on an Agilent 
electrospray ionization triple quadrupole mass spectrometer (ESI/TQMS).  The TQMS 
would allow for the examination of the molecular structure if a mass peak was found. The 
spectrum that came back was incredibly convoluted and is not indicative towards any 
specific product.  The lack of structural knowledge or even corroboration with a 
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hypothesis in the literature presents an interesting path for the researcher who uses 
FQCA.  
Figure 4.7 Mass Spectrum of unknown reacted FQCA derivative peak 
Conclusions 
FQCA is shown to be a very good fluorophor for the detection of amines. When 
the reaction was optimized it outperformed the reactivity reported by Invitrogen.   Its 
Stokes shift and post-reaction increase in quantum efficiency allows for the minimization 
of noise from the excitation wavelength. It has a wide range of chemical reactivity and 
detection.  Due to its two gain ranges, as long as the researcher maintains separate well-
noted calibration curves, a wide range of concentrations can be analyzed using this 
method.  Another very promising aspect of this methodology is that using the HPLC 
methods shown, detection of tagged amines have been shown as low as 1 pM and lower 
detection limits are possible.  We were unable to push the limit of detection in this study 
due to the anticipation of moving the analysis to laser induced fluorescence, which would 
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allow the group to easily look at femtomolar solutions due to the overall sensitivity of 
LIF setups.   
One large take away from this project was that the initial promise of FQCA was 
large and attractive; the actual usage kept the researcher from fully pushing the limits of 
the system.  FQCA doesn’t readily allow for a purified standard calibration curve.  In 
order to attain the shown calibration curves, quite a bit of work and many failed trials and 
wasted product occurred and further tests were made incredibly difficult.  A better 
fluorogen would be one that can be obtained more readily, in larger amounts, for a more 
affordable price.  FQCA also deteriorates very quickly.  It’s excitation being in the visible 
light range means that it is more likely to photobleach when compared to other 
fluorogens.  This and the hypothesized self-reacting potential means that standards and 
analytes alike can’t be reacted and kept long term for future analysis.  Once samples are 
created they must be used, at latest, within 24-48 hours of their reaction. The findings 
drove the researcher to examine a different fluorogen for analysis as described in the next 
chapter. 
Further Work 
The work performed on FQCA shows the attraction that it has as a fluorogen.  It 
has an excitation that falls in the mainline of an Argon ion laser, reacts well with amine 
groups, and has a high quantum efficiency.  While our group has decided to look past 
FQCA for our purposes, it can easily be adapted by other groups in Chemistry related 
disciplines from Biochemistry, for cellular staining, to Physical Chemistry, for kinetic 
studies. 
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Chapter 5: NDA as a Fluorogenic Tag for the Analysis of Primary Amines in HPLC 
and Microfluidics Analysis 
 
Background 
Fluorescence Detection 
Fluorescence is the most sensitive analytical detection technique.  A well-tuned laser 
induced fluorescence detection system can detect yoctomole (10-24) sample load, beating 
mass spectrometry by at least 3 orders of magnitude.  However, unlike mass 
spectrometry, which can be used for any molecule that can be ionized, fluorescence 
detection can only be used on molecules that fluoresce.  Luckily science has adapted to 
this roadblock by developing fluorescent tags that can be reacted to non-fluorescing 
molecules.  This allows researchers to analyze targeted molecules using this incredibly 
sensitive technique.  One family of molecules that have been developed for the analysis 
of bioactive molecules is the ATTO-TAG family.37,149  One of these is FQCA, which was 
discussed previously.  FQCA was found to have its limitations and it was desired to 
examine another potential fluorophor.  The researchers decided on a common amino 
sugar and bioactive amine fluorogen, naphthalene-2,3-dicarboxaldehyde (NDA).150-151  
NDA is molecularly similar to FQCA with similar reactivity.  It targets primary amine 
groups and reacts creating a conjugated pi-bond system as can be seen in the reaction 
scheme below (Scheme 5.1).   
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Scheme 5.1. Reaction of NDA with an amine in the presence of KCN to create a 
fluorescent molecule. 
The attractiveness of NDA is that it has a large quantum efficiency enhancement 
post-reaction with primary amines, meaning that the reacted product will be incredibly 
fluorescent and very little background fluorescent will be expected from the unreacted 
fluorogen.151-153 Unlike the other option for amino-reactivity, OPA, amine adducts of 
NDA have longer-wavelength spectral characteristics and greater sensitivity than the 
amine adducts of OPA.154-156 The stability and detectability of the amine derivatives of 
NDA are also superior;4 the detection of glycine with NDA and cyanide is reported to be 
50-fold more sensitive than with OPA and 2-mercaptoethanol.4-5 The limit for 
electrochemical detection of the NDA adduct of asparagine has been determined to be as 
low as 36 attomoles157 (3.6 × 10-17 moles). An optimized procedure that uses NDA for 
amino acid analysis in microplates has also been examined.158 NDA has use as a 
detection molecule for assays of HNO through binding with glutathione.159 NDA also has 
a large Stokes shift with an excitation max at 405 nm and an emission max at 493 nm. 
The attractiveness of a molecule such as NDA is that it would allow for the analysis of 
ultratrace compounds on the microfluidic chips mentioned previously while unhindered 
by side-reaction product interferences.156 
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Experimental 
HPLC of NDA Reacted Amines 
 
Optimization of Gradient Conditions 
In order to build a gradient a suitable percentage slope and time slope must be decided.  
For the separations a Waters 1525 Binary HPLC Pump using a reverse-phase, XTerra® 
MS, C18, 5 µm column with an initial isocratic flow of 100% MeOH at a flow rate of 0.8 
mL/min was used.  Detection was performed using the Waters 2475 Multi-λ fluorescence 
detector with an excitation wavelength (λex) of 405 nm and an emission wavelength (λem) 
of 493 nm.  Due to the need to separate the C10 and C12 reacted analytes in the 
chromatograph; a relatively simple gradient was needed.  Several time scales were 
decided (Table 5.1) and an 80:20 MeOH:H2O to 100:0 MeOH:H2O solvent ramp was 
decided in order to allow all impurities and side-reaction products to elute prior to the 
reacted C10 amine. 
Table 5.3 – Gradients for NDA Separations 
Initial Time Gradient Time 
0 – 2 minutes at 80:20 MeOH:H2O 2 – 4 minutes from 80:20 MeOH:H20 to 100% MeOH 
0 – 3 minutes at 80:20 MeOH:H2O 3 – 5 minutes from 80:20 MeOH:H20 to 100% MeOH 
0 – 3 minutes at 80:20 MeOH:H2O 3 – 6 minutes from 80:20 MeOH:H20 to 100% MeOH 
0 – 4 minutes at 80:20 MeOH:H2O 4 – 8 minutes from 80:20 MeOH:H20 to 100% MeOH 
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Comparison of NDA and FQ 
In order to verify that the NDA fluorogen is appropriate for analysis a full 
sequence of tests must be undertaken to compare the two fluorogens.  The first test that 
was performed was a fluorescence efficiency test.  This is performed by taking identical 
reaction conditions and analytes and reacting both fluorogens and running them on the 
Waters Breeze system using an identical separation method.  The only analysis 
difference, other than the fluorogen, is the detection wavelength due to their differing 
fluorescence.  The results should be compared at the same concentration so as to directly 
compare the signal-to-noise ratio. 
An additional test would be to test the lifetime of the reacted amines. FQCA has a 
very short experimental lifetime compared to NDA, as can be seen in Table 5.2, once it 
has been reacted with a targeted analyte.   
Table 5.4: Fluorogens for Primary Amines Comparison  
Fluorogen Excitation λ Emission λ Quantum Yield Experimental Lifetime 
FQCA 488 nm 590 nm Not Determined 24-48 hours 
NDA 405 nm 493 nm 34%158 > 2 weeks 
 
The FQCA product degrades and loses fluorescence within 48 hours.  The 
literature on NDA does not report a similar issue as FQCA.158 Therefore the amines are 
reacted with NDA per the following SOP and tested at several time increments; 
immediately after reaction, after 48 hours, after one week.  Weighing out and diluting 
pure amines, C10-C18 (95-99% purity, Fisher Scientific Pittsburgh, PA), in methanol 
(MeOH, HPLC grade, Fisher Scientific Pittsburgh, PA), made a stock solution of varying 
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concentrations for each of the primary amines.  Based on the stock solution 
concentration, which varied due to limitations in precision weighing balances, a 10 mM 
working solution was made of each of the amines and a 10 mM total amine concentration 
solution was made that contained all five of the medium chain fatty amines.  
  A 10 mM solution of NDA (Invitrogen Grand Island, NY) was prepared by 
dissolving the 5 milligrams (mg) of the reagent in 2.0 milliliters (mL) of MeOH in a 
brown glass vial.  The stock solution vial should then be capped and covered in 
aluminum foil, in order absolutely minimize any light exposure so no photo-degradation 
of the fluorophor can occur.  When not in use the covered vial is placed in a desiccator, 
which is then stored in a -20 ºC freezer.  The stock must be thawed completely and then 
vortexed in order to fully mix the solution before usage. 
A 200 milliMolar stock solution of potassium cyanide (KCN) is prepared by 
dissolving 20 mg of KCN in 1.5 mL of distilled and deionized water (ddH2O), the KCN 
is then diluted twenty fold to obtain a 10 mM working solution.  A 500 μL aliquot of 
stock solution is diluted in 9.5 mL of ddH2O and is then vortexed.  The working solution 
is then used for the fluorogen reaction. 
For the ratio based experiments, the chosen volumetric ratios depending on which 
experiment is being performed, were mixed of the 10 mM amine mixture, 10 mM FQ 
solution, and 10 mM KCN solution in a brown vial (to minimize light exposure).  Allow 
the reaction to react for 40 minutes while the brown vial is submerged in a sand bath 
heated to 40 ºC.  Once the reaction is completed it can be removed from the sand bath 
and it is then used for analysis or dried down for long-term storage.  Unlike the FQCA-
amine product, the NDA-amine product is actually stable enough that drying down is not 
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required, which allows it to be repeatedly frozen and thawed when needed. The reacted 
products are kept in at least a -20 ºC freezer but ideally would be kept in a -80ºC freezer.  
If positive results are found, the reacted products will be kept and re-tested at longer time 
increments.  
Optimization of Reaction Conditions 
Once the NDA fluorogen has been compared to FQCA an optimization of the 
reaction conditions will be performed.  The ratios used for FQCA (1:10:12 
amine:KCN:fluorogen) may not be the optimum conditions for NDA.  Several 
concentration ratios will be tested starting at 1:1:1 and will go up to 1:40:48 the ratios are 
chosen based on recommendations from the supplier (Invitrogen) and multiples of these 
ratios.  The various reactions will then be run on the Waters Breeze system and then 
compared. 
Calibration Curve 
Once the reaction and analysis conditions have been optimized NDA will be 
evaluated to check for linearity of the NDA reactant over a wide detection range.  The 
hope is that, unlike FQCA, the NDA allows for a wide linear response over the entire 
detection range of the HPLC/F and µF/LIF. The logarithmic value of the peak areas will 
be plotted over the logarithmic value of the concentration. 
Examination of Impurities 
In order to evaluate the impurities, their source was examined.  The first part of 
the analysis will be to run three reactions and compare their products by using HPLC/F.  
The second part of the analysis is to then analyze the impurities by mass spectrometry to 
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see whether their mass spectrum matches hypothetical side-reaction products.  The mass 
spectrometric analysis was conducted using an Agilent triple quad mass spectrometer. 
The spectra were then plotted using IgorPro software. 
Droplet Tests 
Once the bulk reaction work has been validated and tested, droplet verification 
can be performed.  Like FQCA the NDA reactions will be performed on similar PDMS 
microchips and analyzed using laser induced fluorescence.  NDA, however, has much 
different excitation and emission wavelengths when compared to FQCA.  NDA excites at 
405 nm and emits at 493 nm as compared to the 488 and 590 nm excitation and emission 
maxima of FQCA.  This difference caused the researcher to construct a laser induced 
fluorescence system for NDA using a solid-state diode blue-violet laser.  This setup was 
calibrated and optimized the same way as the argon ion laser as described in chapter 2 of 
this dissertation.  The NDA was then tested on chip for droplet formation at several 
concentrations.  An ultimate detection limit in the picoMolar range is sought so a 
calibration curve was then run on-chip to test for linearity over the detection scheme. 
Results and Discussion 
Optimization of Gradient Conditions 
Once the test mixture was created, four HPLC runs were set up using an 80:20 
methanol:water (MeOH:H2O) to 100% methanol.  The fifth run was a completely 
isocratic run at 100% MeOH.  
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Figure 5.1 Investigation of gradient elution of NDA reacted amines.  
As can be seen in Figure 5.1 the isocratic run gave the best elution times, however 
C10 and C12’s peaks overlapping made it less than ideal.  This will make it difficult to 
accurately measure their peak areas. After testing several quick gradients to help aid in 
baseline separation of the C10 and C12 peaks without causing band broadening on the 
C16 and C18 peaks, it was decided to use the gradient that ramped from 80:20 to 100:0 
MeOH: H2O from 2-4 minutes, which allowed for baseline separation between the C10 
and C12 peaks.  This gave baseline resolution while also maintaining the peak shape at 
higher chain length. 
Comparison of NDA and FQ 
Upon selecting the gradient method for NDA a direct comparison was needed 
between FQCA and NDA.  In order to verify that NDA is an optimal fluorogen two 
equivalent reactions were run, one with FQCA and one with NDA.  Their resulting 
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reacted products were run isocratically (i.e. not using the gradient tested above) on the 
Waters Breeze and their resulting spectra were analyzed using Igor Pro.  Immediately 
apparent was that the NDA actually saturated the detector at the 100 µM concentration 
used for the tests.  The NDA standard was then diluted to 10 µM and retested.   
 
Figure 5.2 Comparison of reacted FQCA with NDA.  
As can be seen in Figure 5.2, even at a concentration 10 x lower than the FQCA 
reacted amines, the NDA presents much cleaner, more intense and faster eluting peaks.  
These results show that NDA has incredible promise as a highly sensitive fluorescent tag.  
The fluorescent byproducts of the NDA reaction had incredible signal-to-noise ratios, 
which were examined more in-depth at low concentrations. 
The next test that was examined was whether the NDA-reacted amines would last 
longer than the 48 hours seen with FQCA.  The researcher found the initial testing 
specifications of the 48-hour window was far too conservative.  The testing specifications 
were altered to test the solution immediately post-reaction, one week after reaction and 
two weeks after reaction. 
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Figure 5.3 Stability of reacted product over time 
The stability study showed that the reacted products are stable over many weeks.  
This allows for the researcher to create standards and have confidence that those 
standards will still be able to be analyzed later on.  This longevity can allow commercial 
and medical researchers to prepare a large amount of reacted samples, instead of small 
freshly reacted batches, and due to the lack of impurities and no evidence of side products 
those researchers can be confident in their reproducibility and statistical significance 
while allowing for minimization of sample preparation over time.  Currently researchers 
in fluorescence detection have to worry about their samples photobleaching and 
degrading and thus make new samples every time they make a calibration curve. 
Optimization of Reaction Conditions 
Once it was decided that NDA would be the reactant of choice the reaction conditions 
were optimized to verify that they were the best conditions for NDA. Several reactions 
were created using different ratios of the unreacted fluorogen to potassium cyanide to 
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amine. The ratios were chosen using manufacturer recommended ratios (which were 
specified for cell staining, amino sugars, and electrophoresis) and multiples of the FQCA 
ratio due to its analogous reaction pathway.  The following ratios were chosen: 
 1:2:2 
 1:2.5:3 
 1:5:6 
 1:10:12 
 1:15:18 
 1:20:24 
 1:25:30 
 1:30:36 
 1:35:42 
 1:40:48 
 
The reacted products were then run on the Breeze HPLC/F and the resulting spectra were 
compared for their fluorescent intensity while looking for the absence of impurity peaks.  
Figure 5.4 A&B shows the results of each of the reacted product separations.  
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Figure 5.4 Varied concentration ratios for NDA and amine reaction.  (A) Shows the 
lower reactant ratios and (B) shows the higher reactant ratios. 
The initial results of the analysis brought forth an interesting observation.  The 
intensity and quantum yield of the NDA outperforms the other fluorogens of its class 
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once optimized.  Manufacturer’s literature pointed towards a 1:1:1 ratio for the fluorogen 
reactions. 1,2 As seen in Chapter 4 and in the data above that reaction ratio is far from 
ideal let alone good enough to be called optimal.  This is probably due to the main use of 
the ATTO-TAG reagents (FQ and NDA’s commercial name) as a cell tag where a high 
amount of the reagent and KCN would change the nature of the biochemistry trying to be 
observed. The 1:10:12 ratio that was the optimum for the FQCA reaction was found to be 
less than optimal for the analogous NDA reaction ratio.  The 1:20:24 reaction was found 
to not only give the most intense spectra, it also had an absence of the impurities that are 
seen in some of the other reactions with different ratios of the reactants.  These impurities 
need to be avoided in order to push detection limits when the reactions are occurring in a 
droplet. 
Calibration Curve 
The bulk reaction mixtures were run through a standard serial dilution calibration 
curve in order to test of linearity before moving to the droplet phase. The serial dilution 
started with a 100 µM base reaction that was then diluted over 4 orders of magnitude.  
These were run on the Breeze system and their peak areas plotted for linearity.    
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Figure 5.5 NDA-reacted amines calibration curve 
The products, even from the very dilute reactions, show very clean spectra on the 
Breeze.  This gives the confidence to take the NDA reacted amines onto the microfluidic 
chip for detection. 
Examination of Impurities 
Impurity peaks were found in low concentration reactions during the analytical 
scale analyses at several of the reaction ratios. To discover the nature of these peaks, 
mixtures were tested without the amine.  This was hoped to give further information on 
the impurities as seen in the FQCA. In the absence of an amine in the reaction mixture it 
is hypothesized that the NDA reacts with itself and creates a di-NDA complex. 
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Figure 5.6 Components of the NDA reaction for comparison of impurities 
Impurities were separated and purified using prep-LC.  The resulting fractions 
were dried down and reconstituted in 100% MeOH for MS analysis.  The mass spectral 
analysis, as with the FQCA, was inconclusive.  It was theorized that there are several 
side-reactions that could be co-eluting and causing the noisy MS spectra.  Since the 
department did not have access to an MS system that was also coupled to a fluorescence 
detector it was decided to move forward with the droplet analyses since these peaks are 
seen in incredibly trace amounts in the 1:20:24 ratio analyses. 
Droplet Formation and Detection 
After a brief stabilization period (~ 5-10 seconds) droplets can be seen 
maintaining their average peak area and intensity.  Several concentrations were tested to 
look at the dynamic range of the system.  Figure 5.7 shows 1 µM NDA-reacted amines 
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giving an incredibly strong response, averaging 1.4 Megacounts, which is actually 
pushing the upper limit, 2 Megacounts, of the detector.  
 
Figure 5.7 1 µM NDA-reacted amine droplets suspended in fluorinated oil. 
The next concentration level tested was 10 nM, which shows an average response 
of 200 kilocounts.  This was incredibly promising for our work since we were hoping to 
hit the low picomolar range and the S/N detection limit (standard is 3 for DL and 10 for 
QL).  It should be noted that we can see the initial “pump on” pulse at the beginning of 
the spectrum.  We found that the reaction was completed before it traversed the detection 
region and further strengthened reducing the number of turns from 80 to 12 on the chips. 
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Figure 5.8 10 nM NDA reacted amine droplets.  Inset: individual peak details. 
Finally we diluted the sample further and ran the system again.  For the droplet 
chronograph seen in Figure 5.9, the NDA-reacted amine concentration is 10 pM.  The 
average response comes in at 3000 counts. The inset in the Figure shows the peak shape 
in more detail.  For all of these chronographs, the collection bin-width was set to 75 msec 
to allow for detail of the droplet width while still allowing for collection over at least 1 
minute of total detection run time.  
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Figure 5.9 10 pM NDA droplets on the microfluidic chip detection platform.  Inset: 
Individual peak detail 
 
Droplet Calibration Curve 
Optimized detection settings were used to maximize signal to noise ratio.  
Average sample load in the 10 pM droplets is 170 femtomoles.  At a signal to noise ratio 
of 95 the system is still about 30x above its detection limit.  Calibration gives evidence of 
a lower detection limit, around 7-10 femtomoles, than expected. 
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Figure 5.10 Calibration Curve of NDA reacted amines on a microfluidic-LIF 
platform. 
The calibration curve really exposed the potential of the microfluidic chip setup.  
The researcher was able to detect down to the femtomolar level while still being above 
the detection limit of the system.  This is evidence that carefully choosing a fluorogen 
and detection scheme can allow for the analysis of ultra trace quantities in a very 
reproducible and analytical way.  Although the dynamic range of the system is 
impressive at 7 orders of magnitude, the system may be able to be reconFigured with 
additional detector elements to allow an even broader dynamic range, up to 9 orders of 
magnitude, as shown by Dovichi et al.145 Expanding the dynamic range is only attractive 
if bulk amines (microMolar and higher concentrations) would be in the analysis system.  
The direction of this work was looking specifically at trace analysis and focused on 
linearity and detection of the low level concentrations. 
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Conclusions 
Both NDA and FQ provide the opportunity for sensitive analysis due to their large 
Stokes shift and their increase in quantum efficiency.  NDA is more readily obtained than 
FQ making for a more attractive fluorogen. 
Microdroplets have allowed for a minimization of waste while also allowing for a 
maximization of signal-to-noise ratio at low concentrations.  A method for the 
derivatization of primary fatty amines with NDA has been demonstrated at the analytical 
and microfluidic scales.  Detection limits in the sub-femtomolar concentration region 
have been achieved and impurities present at low concentrations have been investigated.  
As seen in the droplet studies a new and separate laser setup was constructed to detect the 
NDA droplets due to the differences in excitation/emission wavelengths from FQ.  
In comparison to the detection limits and reproducibility that is shown with our 
analysis of NDA-reacted-fatty-amines, recent work by He et al.160 studying Sphingosine-
1-phosphate (S1P) (a signaling lipid that regulates numerous cellular processes) explored 
a parallel analysis using NDA for HPLC/fluorescence analysis. Their detection limit 
using S1P standards was 20.9 fmol (12.6 nM), and the limit of quantification (LOQ) was 
69.6 fmol (41.7 nM). 160 
He et al. studies also included quantifying the S1P levels in plasma from human, 
horse, and mouse.  The mean values of S1P being 0.45 in humans, 0.25 in horses, and 
1.23 μM in mice. Their results bolster the sensitivity and utility of NDA as a lipid 
fluorogen. 
Further strengthening the use of NDA as a lipid analysis tool is work done by Hao 
et al. using NDA on a microfluidic chip as a way to label glutathione in mice 
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hepatocyte161.  They report a much higher detection level than as seen in He et al. or this 
work, as they are looking at the milliMolar region and found detection limits in the tens 
of micromolar region. Our method delivers an even more sensitive detection scheme 
allowing for sub-femtomole detection. 
Future Works 
The attractiveness of this project is incredible.  As part of the project progresses 
under Andrew Davic as he expands on the NDA reaction on-chip, a researcher could take 
a different direction and use this setup and couple it to a separation technique such as 
liquid chromatography (LC) in order to react the small sample loads from the column and 
analyze them.  We would ideally take the SPE chip seen in chapter 2 and couple it with 
the segmented flow chip in order to do it all on-chip.  Once that was functioning and 
validated it would be incredibly interesting to add a cell profusion area where you could 
stress certain cells, such as N18TG2 cells from mice or bovine omentum cells, separate 
targeted molecules using the SPE chip technology and then run it into the segmented flow 
for LIF analysis.  This could be adapted onto a chip that would be at biggest 3”x3”, 
which was our starting chip size just for the segmented flow.  Another interesting 
direction to take this is to include a droplet separation chip after the segmented flow that 
runs into a nanoESI chip.  This would allow for both nondestructive and sensitive LIF 
analysis along with the structural analysis of mass spectrometry. 
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